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ABSTRACT 
The environmental fate and effects of a transgenic maize-expressed recombinant 
antigen, Escherichia coli heat-labile enterotoxin subunit B (LTB), was studied under 
laboratory conditions. The time for 50% dissipation (DT50) for the extractable fraction of 
maize-expressed LTB in soil was 35~90 days, and both extractability and persistence were 
strongly affected by the soil types and environmental conditions. In addition to the 
environmental fate study, laboratory bioassays were conducted to investigate the sub-acute 
effects of maize-expressed LTB on two soil invertebrates. Both the 28-day springtail, 
Folsomia candida reproduction assay and earthworm, Eisenia fetida growth assay showed no 
adverse effects of LTB under a concentration which was well above the maximum estimated 
environmental concentrations. For these observations, it is predicted that the adverse effects 
of LTB expressing maize on F. candida and E. fetida are negligible.  
 
  KEYWORDS:  Escherichia coli, enterotoxin subunit B, plant-made vaccine,    
    transgenic maize, environmental fate, ecological effect 
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GENERAL INTRODUCTION 
Recent rapid advances in biotechnology make it possible to express various proteins 
in plant tissues, and transgenic plants are considered to be an effective platform for 
pharmaceutical protein production (Daniell 2001, Elbehri 2005, Fischer 2000, Gidding 2001, 
Ma 2003). Since plant-made pharmaceuticals (PMPs) production, also called “biopharming” 
or “molecular farming”, has many advantages in both protein quality and production cost, a 
wide variety of pharmaceutical proteins for human and veterinary usage are being studied for 
expression in plants, and some PMPs are already in FDA phase 1 or phase 2 clinical trials 
(Horn 2004). 
Among various PMPs, the production of recombinant antigen proteins using 
transgenic plants is an innovative strategy of vaccine production (Ma 2005, Streatfield 2003, 
Twyman 2005). Vaccination is one of the most cost effective precautionary treatments for 
improved public health, but the shortage of vaccines is still a serious concern in developing 
countries, causing many infant deaths by infectious diseases (WHO 2005). Plant-based 
vaccine production is a cost-effective method to provide vaccines in developing countries, 
since it represents low-cost, large-scale production with less need for cold-chain transport 
systems. In addition to the cost effectiveness, the expression of vaccine proteins in plant 
tissues allows for edible vaccines which induce the mucosal immune system orally with less 
harm from animal pathogen and injection-related hazards (Walmsley 2000, Wang 2004).  
Escherichia coli heat-labile enterotoxin subunit B (LTB) is a non-toxic subunit of 
heat-labile enterotoxin (LT) produced by a toxic strain of E. coli. LT consists of one 
enzymatically active A subunit (LTA: 27.0 kDa) and five smaller B subunits (LTB: 11.6 
kDa). Specific binding of pentameric LTB to intestinal cell surface ganglioside GM1 allows 
LTA to cross the membrane and cause diarrhea symptoms (Clements 1979). Strong 
immunogenicity of pentameric LTB with no evidence of mammalian toxicity makes it a 
desirable vaccine to prevent LT-induced diarrhea diseases (Spangler 1992). In addition to its 
immunogenicity, LTB is also known as a potent mucosal adjuvant which stimulates the 
immune response of co-administered antigen proteins (Douce 1999, Miller 2002). To realize 
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future plant-based subunit vaccine production, various transgenic plants (i.e., maize, tobacco, 
potato) which express pentameric LTB in their tissue have been successfully developed 
(Streatfield 2003). As an evidence of the efficacy of LTB to induce human mucosal immune 
responses, Tacket et al (1998, 2004) conducted clinical trials using LTB-expressing maize 
and potato, and as a result, confirmed the increase of serum IgG and stool IgA levels. At 
Iowa State University, a transgenic plant-based vaccine production project is investigating a 
transgenic strain of maize which expresses LTB specifically in the kernel endoplasm 
(Chikwamba 2002a). A series of immune response assays demonstrated the immune priming 
of mice fed with this LTB-expressing maize (LTB-maize) at the dose as low as 0.02 µg LTB 
expressed in kernels (Bayer 2007, Chikwamba 2002b, Karaman 2006). Therefore, future 
applications of this LTB-maize to both human and veterinary clinical treatments are 
expected. 
Although there are many potential advantages of plant-based LTB production, 
uncertainties regarding risks to both human and environmental health must be addressed. 
According to Wolt et al. (2007), the risks of PMPs are largely divided into three groups: (1) 
intended use of PMPs to end users, including worker exposure during growing and 
processing; (2) unintended consumption of adulterated product through inadvertent 
occurrence of PMPs in foods and feeds; and (3) environmental exposure as a result of PMPs 
open-field production. Since LTB has a relatively long history of research for 
pharmaceutical purposes, its mammalian bioavailability and toxicity are characterized in 
previous studies (Cheng 2000, Guidry 1997). Using such toxicological profiles, Wolt et al. 
(2006) assessed the risk of the unintended occurrence of maize-expressed LTB as it could 
potentially impact human health.  In their risk assessment, the human health concerns from 
inadvertent occurrence of LTB were minimal due to limited exposure potential from 
confined production of LTB-expressing maize and lack of mammalian toxicity.  
Unlike human health risks, the risk of LTB-maize to the ecosystem is still poorly 
understood. For a quantitative understanding of the ecological risk of any stressor, and 
subsequent science-based decision making, the ecological risk assessment (ERA) paradigm 
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is regarded as a powerful tool (Wolt 2007). According to the US-EPA Guidelines for 
Ecological Risk Assessment (EPA 1998), ERA consists of three main phases, “problem 
formulation”, “risk analysis”, and “risk characterization”. Through the conduct of an ERA, it 
is possible to “evaluate the likelihood that adverse effects may occur or are occurring as a 
result of exposure to one or more stressors” (EPA 1992). Therefore, this US-EPA 
framework-based ERA was applied to assess the ecological risk of LTB-maize. 
 As a first phase of ERA, “problem formulation” is a process to understand the nature 
of concern and scope of analysis to be undertaken. This problem formulation results in three 
products: (1) assessment endpoints that adequately reflect management goals and the 
ecosystem that they represent; (2) a conceptual model that describes key relationships 
between a stressor and the assessment endpoints; and (3) an analysis plan.  
 The conceptual model for the potential ecological concerns over the open-field 
production of LTB-maize is presented in Fig.1. As described in the conceptual model, 
potential concerns of LTB-maize are diverse ranging from genetic level contamination to 
more direct biological effects on non-target organisms. Although genetic contamination 
through gene flow is a highly important aspect of PMP confinement, this project deals only 
with the risks related to the biological effects of LTB recombinant protein to organisms 
exposed to it. Among various environmental routes of exposure, LTB-maize kernels that 
have fallen on the field are considered the route that causes the greatest exposure of non-
target organisms to LTB at the highest concentration. Therefore, in this preliminary LTB 
ecological risk assessment, the effect of fallen kernels on the soil ecosystem was studied.  
 Selection of appropriate assessment endpoints that adequately reflect the potential for 
ecological risk is another important aspect of problem formulation. For the selection of 
adequate endpoints, EPA guidelines indicate the importance of following three criteria: (1) 
ecological relevance; (2) susceptibility to potential stressors; and (3) relevance to 
management goals. Since there is little a priori evidence for hazard of LTB to environmental 
entities and the ecosystem is highly diverse with many levels of ecological organization and 
multiple ecosystem processes, the selection of adequate endpoints for LTB-maize was 
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difficult. In this study, as a preliminary ERA for LTB-maize fallen on the ground, sub-acute 
level effects of maize-expressed LTB on the springtail, Folsomia candida and the earthworm, 
Eisenia fetida were selected as ERA endpoints. Both springtails and earthworms are 
important components of soil ecosystems since they are decomposers (Edwards 1995, 
Fountain 2005). Therefore, the use of these species may represent ecologically relevant 
indicators of soil impact. Susceptibility to a potential stressor (LTB) was a difficult criterion 
to be characterized since no previous study on the ecotoxicological effects of LTB to any 
non-target invertebrate has been reported. However, to observe the trace level effects of 
maize-expressed LTB, the effects on the more susceptible juvenile stage organisms were 
chosen as assessment endpoints. As a management goal, this ERA is expected to help 
provide a basis for any necessary science-based regulation of plant-made LTB production. 
To meet this goal, the use of F. candida and E. fetida is adequate since these species are 
widely used for soil ecotoxicological studies of various potential stressors with many 
international standard methods (Clark 2006). This abundance of F. candida and E. fetida 
based assays makes it easy to obtain comparable data.  
 The risk analysis phase of ERA includes two principal activities: “characterization of 
exposure” and “characterization of ecological effects”. Based on the probability of exposure 
and toxicity, the probability that harm may be manifested in real-world situations can be 
predicted. Therefore, as an analysis plan for this project, the environmental persistence and 
toxicological profiles of maize-expressed LTB were characterized under laboratory setting to 
conduct a preliminary ecological risk analysis for LTB-maize. To achieve this analysis plan, 
dissipation of maize-expressed LTB in different types of soils and water is discussed in 
Chapter 1. In Chapter 2, the ecotoxicological profile of maize-expressed LTB is 
characterized using F. candida and E. fetida. Based on these laboratory study outcomes, 
preliminary risk analysis and risk characterization for LTB-maize are discussed in the 
conclusion section. 
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Although numerous PMPs are currently being developed, no previous study on the 
fate and effect PMPs has been reported. This project is expected to provide the first insight 
on the ecotoxicological effects of plant-made LTB on the soil ecosystem.  
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 Fig.1. Conceptual model for potential environmental concerns of LTB-maize 
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Chapter 1 
Persistence and degradation of maize-expressed vaccine protein, E. coli heat-labile 
 enterotoxin subunit B (LTB), in soil and water 
 
Hirofumi Kosaki, Joel R. Coats, Kan Wang, and Jeffrey D. Wolt 
A chapter to be submitted to Environmental Toxicology and Chemistry 
 
ABSTRACT 
 Transgenic plants represent an innovative platform for the cost effective large-scale 
production of various pharmaceutical proteins. The eventual open-field production of the 
plant-made pharmaceuticals (PMPs) requires ecological risk assessment to determine the 
potential for harm to the surrounding ecosystem. In this study, the environmental persistence 
of a transgenic maize-expressed antigen, Escherichia coli heat-labile enterotoxin subunit B 
(LTB), was studied under laboratory conditions. To semi-quantitatively monitor the 
persistence of LTB in soil, extraction with a high-salt, high-pH extraction buffer was 
optimized using the closely homologous Vibrio cholerae enterotoxin subunit B (CTB) as a 
test substance. The extracted LTB and CTB were quantified by ganglioside-dependent 
ELISA, and the DT50 for the extractable fraction of maize-expressed LTB was 4~15 days in 
pond water and 35~90 days in soils. Both extraction efficacy and persistence were strongly 
affected by the matrix type and incubation conditions. In contrast with maize-expressed LTB, 
the DT50 for bacterially produced LTB and CTB was < 4 days both in pond water and soil. 
Although maize-expressed LTB was more stable than bacterially produced analogue, its 
dissipation was governed by an initial lag, which could be attributed to release from the plant 
material, following by relatively rapid decline. 
 
  KEYWORDS:  Escherichia coli, Vibrio cholerae, enterotoxin subunit B,  
   plant-made vaccine, transgenic maize, environmental fate 
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INTRODUCTION 
 Thanks to the recent advancements in plant biotechnology, transgenic plants are 
considered to be an effective platform for the production of pharmaceutical recombinant 
protein as an innovative new strategy for pharmaceutical production (Daniel 2001, Giddings 
2001, Ma 2003). Plant-made pharmaceutical (PMP) production, also called “biopharming” 
or “molecular farming”, may have potential advantages over conventional protein protection 
methods, such as, low cost of large-scale production, no risk of animal pathogens, high 
storability and transportability, capacity to express multiple proteins, and easy introduction 
to food crops for oral administration (Fisher 2000). 
 Escherichia coli heat-labile enterotoxin subunit B (LTB) is a 11.6 kDa (per 
monomer) non-toxin subunit of diarrhea-inducing E. coli heat-labile enterotoxin (LT). The 
specific binding of homopentameric LTB to intestinal ganglioside GM1 lets the 
enzymatically active 27.0 kDa A subunit of LT (LTA) cross mucosal membranes where the 
inserted LTA activates the G-protein related signaling pathways to cause diarrhea symptoms 
(Spanger 1992). LTB itself is not a hazardous substance and because of its strong 
immunogenicity without adverse effects on human health, pentameric LTB is widely studied 
as an oral vaccine against LT-induced diarrheal disease (Dickison 1996). In addition to its 
effectiveness as a vaccine, pentameric LTB is also a potent mucosal adjuvant for enhancing 
the mucosal immunogenicity of co-administered vaccines (Millar 2001).  
 To realize safe, practical and low cost application of LTB for both human and animal 
treatments, plant-based recombinant LTB production has been investigated for several crops, 
including potatoes, maize and tobacco (Streatfield 2003). At Iowa State University, a maize-
based LTB production project successfully developed transgenic maize which expresses 
LTB in its kernel (Chikwamba 2002a). Oral administration of this LTB expressing maize 
(LTB-maize) to mice elicited the strong mucosal and serum antibody responses even under 
the nanogram level dosage (Beyer 2007, Chikwamba 2002b, Karaman 2006). As future 
goals of this biopharmaceutical project, large-scale production of plant-made LTB and its 
therapeutic applications to livestock are anticipated. 
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 The possible advantages of PMPs must be balanced against their potential impacts on 
both human and environmental health which are, as of yet, not well understood. To address 
and mitigate any potential hazard of PMPs, comprehensive risk assessments of both intended 
and unintended exposure will be needed to allow for regulatory safety determinations 
(Peterson 2004, Wolt 2007). Risk assessment and subsequent risk communication are also 
highly important for the public acceptance of transgenic crops (Kirk 2005a, Wolt 2000). 
Human health risk assessment for unintended intake of maize-expressed LTB through food 
showed low potential for harm because of limited exposure potential and lack of LTB 
toxicity (Wolt 2006). However, a formal ecological risk assessment has not been conducted. 
 Ecological concerns of PMPs are largely divided into “genetic contamination” and 
“direct biological effects on the surrounding ecosystem” (Conner 2003, Kirk 2005b). 
Unconfined distribution of transgenes through the spread of pollen or horizontal gene 
transfer have been cited as concerns relative to genetic diversity and ecological balance of 
the surrounding ecosystem (Pilson 2004, Snow 2002). Also, such unconfined distribution of 
transgenes may increase the possibility of unintended exposure of recombinant proteins to 
various organisms living in the surrounding ecosystem. 
 The potential environmental routes of exposure to PMPs vary widely. For PMPs 
expressed in terrestrial plants, exposure of the soil ecosystem to PMPs through the fallen or 
uncultivated plant residues would be a major route of environmental exposure. If the host 
plant is grown in aquatic systems, such as paddy rice, or the cropping field is close to a 
waterway, the entry of recombinant proteins into an aquatic ecosystem and their effects on 
aquatic organisms would be a further concern relative to the ecological risks of PMPs. As 
reviewed by Clark et al. (2005) for maize-expressed Bt insecticidal proteins, the inadvertent 
exposure of non-target organisms to recombinant proteins is an important aspect of the 
ecological risk assessment. To undertake ecological risk assessment for PMPs, it is critical to 
characterize the ecotoxicological hazard and the probability of exposure through the 
quantitative understanding of the fate and effects of recombinant protein in the surrounding 
environment (Wachbroit 1991). 
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 In order to evaluate the environmental exposure of biogenic maize products when 
grown under confinement, Wolt et al. (2004) conducted quantitative exposure assessment for 
the harvest loss of maize kernels in the field under various scenarios for confinement 
management. According to their assessment, harvest loss (dropped or misdirected grain) 
differed over 40-fold depending on the degree of conformity to production management 
practices. Such quantitative assessment of exposure aids the estimation of the maximum 
field exposure level of PMPs to the surrounding ecosystem.  
 Another important factor affecting the environmental exposure is the fate of 
recombinant proteins. If the protein is highly persistent in the environment and retains its 
bioactivity, it would increase the duration and intensity of environmental exposure to non-
target organisms. High persistence could also pose a concern for bioaccumulation, although 
most proteins, in general, are rapidly degraded by digestion. In addition to the persistence of 
parent compounds, fate of degradation products should be characterized as well since they 
may retain some biological activity. For above reasons, information on the environmental 
fate of PMPs is needed to conduct comprehensive ecological risk assessment. 
 In this study, persistence of both bacterially-expressed and maize-expressed LTB in 
soil and water were evaluated under laboratory settings. Information on the environmental 
fate and behavior of maize-expressed LTB would be beneficial for the quantitative risk 
assessment of future commercial scale open-field production of LTB. Bacterially-expressed 
LTB is an appropriate comparator for evaluation of the effects of LTB expression in maize. 
Because of limited LTB availability, Vibrio cholerae enterotoxin subunit B (CTB), a close 
analog to LTB, was used as a surrogate compound in addition to LTB. Prior to this 
environmental fate study, extraction and quantification methods for both LTB and CTB in 
soil were developed, and the details of the analytical method development may provide 
insights as to the future ecotoxicological studies of novel transgenic proteins. 
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MATERIALS AND METHODS 
~ Common Materials and Methods ~ 
Sample proteins 
 Three highly immunogenic proteins, bacterially produced V. cholerae enterotoxin 
subunit B (bacterial CTB), bacterially produced E. coli heat-labile enterotoxin subunit B 
(bacterial LTB) and maize-expressed E. coli heat-labile enterotoxin subunit B (maize-
expressed LTB) were used in this study. CTB and LTB are known to be highly homologous 
in function and structure having over 75% amino acid sequence homology (Lockman 1983, 
Walter 1980). Bacterial CTB was obtained from Sigma-Aldrich Co. (Saint Louis, MO, USA) 
and stored at 3oC as 500 µg CTB/ml water solution. Bacterial LTB was obtained from Dr. 
John Clements of the Tulane University Medical Center (New Orleans, LA, USA) as 1,000 
µg LTB/ml water solution and stored at 3oC. A transgenic maize Zea mays event expressing 
LTB (LTB-maize) was developed and grown by the Iowa State University Plant 
Transformation Facility (Ames, IA, USA). As described in Chikwamba et al. (2002a), this 
transgenic maize expresses LTB specifically in kernels using the maize endoplasm specific 
γ-zein promoter. Fourth generation (R4) LTB-maize cultivated in fall 2005 was used in this 
study and naturally-dried kernels (moisture contents at 9.2% w/w) were stored in a freezer at 
-20oC until being used by the end of 2006. Finely ground dried LTB-maize kernels passed 
through 425-µm mesh openings were directly used without further purification. 
 
Measurement of LTB expression level in maize 
 The LTB expression level in LTB-maize kernels was determined as described in 
Chikwamba et al (2002a) with some modifications. Five hundred micro-liters of maize 
kernel extraction buffer (Table 2) was added to 50 mg of finely ground maize kernel in a 2-
ml micro-centrifuge tube. Ten replications of maize sample extracts were placed in a 
chamber at 37oC for 2 hours under gentle shaking. After 15 min. centrifugation at 13,000×g, 
supernatant was removed to a fresh 2-ml micro-centrifuge tube and the amount of LTB in 
the supernatant was quantified by ganglioside-dependent ELISA as described below. For 
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ELISA quantification, sample extracts were diluted with 1% w/v dry milk (Becton 
Dickinson, Franklin Lakes, NJ, USA) in PBS (Table 2) to fall within the linear range of the 
standard curve. 
 
Enzyme-linked immunosorbent assay (ELISA) 
 LTB and CTB quantities in extracts were determined by ganglioside-dependent 
enzyme-linked immunosorbent assay (ELISA) as described previously (Beyer 2007, 
Chikwamba 2002a, Karaman 2006). Ninety-six-well flat-bottom microplates (Thermo Fisher 
Scientific Inc., Waltham, MA, USA) were coated with 2.5 µg/well of ganglioside GM1 
(Thermo Fisher Scientific Inc.) dissolved in sodium carbonate containing buffer (15 mM 
Na CO , 35 mM NaHCO , 3 mM NaN2 3 3 3, pH 9.6) for 1 hour at room temperature. After 
blocking wells with 150 µl of 5% w/v dry milk in PBS for 1 hour at room temperature, LTB 
(CTB) containing samples were spiked to each well. At this stage, specific binding of 
pentameric LTB (CTB) to coated ganglioside GM1 is occurring. After 1 hour incubation at 
37oC, LTB was detected by incubating with rabbit anti-LTB antibody (diluted 1:10,000 in 
PBS with 1% w/v milk; Immunology Consultants Laboratory Inc., Newberg, OR, USA) and 
CTB was detected by incubating with rabbit anti-CTB antibody (diluted 1:20,000 in PBS 
with 1% w/v milk; Sigma-Aldrich Co.) for 1 hour at 37oC. To detect bound rabbit antibody, 
biotin-conjugated goat anti-rabbit IgG (diluted 1:5000 in PBS with 1% w/v milk; Sigma-
Aldrich Co.) was spiked and incubated for 1 hour at 37oC. This second goat antibody was 
detected by incubating with streptavidin-conjugated horse radish peroxidase (diluted 
1:1,000; Thermo Fisher Scientific Inc.) for 30 min. at room temperature followed by the 
incubation with ABTS (3-ethylbenzthiazoline-6-sulfonic acid) substrate buffer (0.1 M citric 
acid, 0.55 M ABTS, pH 4.25). After 30 min. incubation with substrate buffer at room 
temperature, the absorbance at 405 nm was measured on a THERMOmax microplate reader 
with quantification by SOFTmax software (Molecular Devices Corp., Sunnyvale, CA, USA). 
Assay volumes of 50 µl were used throughout the assay unless otherwise specified, and the 
microplate was washed three times between each steps using 300 µl of PBS with 5% v/v 
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Tween-20 (PBST). A standard curve was prepared using bacterially produced proteins 
(bacterial LTB or CTB) diluted in extraction buffer. The standard was prepared in the same 
pH buffer as for sample extracts. The linear range of the standard curve was 1.25~12.0 ng/ml 
and sample extracts were diluted to fit this range. Dilutions of sample extracts were made 
with control extracts since they have similar soil-water conditions without containing target 
proteins. 
 
Water description 
 Two different types of water were used in this study. Purified water was processed by 
NANOpure D4741 (Barnstead International, Dubuque, IA, USA). This purified water has 
minimal suspended materials with no biological activity. Pond water was collected at the 
Iowa State University Horticulture Research Farm (Ames, IA, USA) just before starting the 
experiment. Pond water was collected at the depth of 10 cm under the surface and neither 
filtration nor autoclaving was conducted. The purified water was pH 7.0 and the pond water 
was pH 8.1.  
 
Soil description 
 Three soils collected from maize fields around Ames, IA were used in this study. The 
freshly collected soils were sieved within 14 days using 2.83 mm-mesh steel sieve and stored 
moist at 3oC until used. Characterization of sieved soils was conducted by Midwest 
Laboratories Inc. (Omaha, NE, USA) using standard methods (Table 1). Neither LTB nor 
CTB was detected when the unamended soils were assayed. 
 
~ Extraction Method Development ~ 
 Extraction method development was conducted primarily using bacterial CTB due to 
limited availability of bacterial LTB. After the establishment of the bacterial CTB extraction 
method from soil matrices, this method was applied to the extraction of both bacterial and 
maize-expressed LTB. Three replications of each sample were prepared throughout the study 
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and error bars in graphs indicate the 95% confidence intervals calculated using the t-
distribution. 
 
Extraction buffer optimization 
 Extraction buffer composition was optimized by testing five different buffers and 
water as described in Table 2. PALM and SHAN buffers are reported to be effective for the 
extraction of Bt insecticidal proteins from various soils, and therefore, were used as the start 
point for method development (Palm 1994, Shan 2005). Extractability was also compared 
using PALM buffers of varied pH (pH 5.5~9.5). The pH of extractants was adjusted through 
treatment with hydrochloric acid or sodium hydroxide. For the comparison of different 
buffers, bacterial CTB diluted in water was spiked to 2 g of soils in 50-ml polypropylene 
centrifuge tubes at the concentration of 100 ng CTB/g soil. After 30 min. aging at room 
temperature, 3 ml of buffer was added to each tube and all tubes were shaken for 20 min. on 
a bench-top shaker (Shaker DO-10L; ELMI Ltd., Riga, Latvia) at 400 strokes/min. After 
shaking, samples were centrifuged for 3 min. at 5,000×g and the supernatants were removed 
to fresh 50-ml tubes. This extraction process was repeated two more times and pooled 
extracts were analyzed by ELISA. 
 Since sensitivity of ELISA is strongly matrix dependent, the effects of extraction 
buffers on ELISA sensitivity were also compared. For this comparison, bacterial CTB and 
LTB were diluted in different background solutions (purified water, PBS and pH 4.0~10.5 
PALM buffer) at the concentration of 10 ng CTB (LTB)/ml. After 30 min. aging at room 
temperature, bacterial CTB (LTB) containing samples were spiked to a ganglioside GM1-
coated microplate and analyzed by ELISA. After spiking the substrate buffer, the measured 
absorbance values were directly compared. 
 To determine whether pH-dependent change in detection sensitivity is caused by the 
protein denaturing or low affinity for ganglioside GM1, a post-preparation pH adjustment 
study was conducted. Firstly, bacterial CTB was diluted in 10 ml of different pH (7.0, 9.5 
and 12.5) PALM buffer at the concentration of 10 ng CTB /ml. After 30 min. aging at room 
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temperature, 100 or 150 µl of 8 M hydrochloric acid was spiked to pH 9.5 PALM buffer 
samples, and 100 or 150 µl of 12 M hydrochloric acid was spiked to pH 12.5 PALM buffer 
samples for neutralization. As controls, 100 µl of purified water was spiked to pH 7.0, 9.5 
and 12.5 PALM buffer samples. Fifteen minutes after spiking acid or water, samples were 
analyzed by ELISA and the measured absorbance values were directly compared. 
  
Bench-top shaker based extraction condition optimization 
 On the basis of initial determinations, pH 9.5 PALM buffer was selected for further 
optimization as the preferred extraction buffer. Further refinements of conditions (i.e., 
shaking method, buffer quantity, extraction duration and frequency) for bacterial CTB 
extraction from soil were considered using pH 9.5 PALM buffer. To find the best shaking 
method, an orbital bench-top shaker (ELMI Ltd.) and a high-speed shaker (Geno/Grinder 
2000; Spex CertiPrep Inc., Matuchen, NJ, USA) were compared under different extraction 
conditions. 
 Conditions for the extraction of bacterial CTB using a bench-top shaker were 
optimized as follows: To determine the optimal buffer quantity, different quantities (3~15 
ml) of pH 9.5 PALM buffer were added to 2 g of soil containing 300 ng CTB/g soil. The 
soil-buffer mixtures in 50-ml polypropylene centrifuge tubes were shaken for 20 min. at 400 
strokes/min. and then centrifuged for 3 min. at 5,000×g. After removing the supernatants, 
this extraction process was repeated two more times and pooled extracts were analyzed by 
ELISA. Recovery of bacterial CTB in each extract was also measured to determine the 
necessary number of extraction repetitions. Either 8 or 15 ml of pH 9.5 PALM buffer was 
added to bacterial CTB containing soils, and the extraction was repeated 6~9 times. 
Recovery of bacterial CTB in each extract individually and in the pooled extracts was 
determined by ELISA. Two different bench-top shaking durations (7 or 20 min.) were also 
compared. 
  
Geno/Grinder based extraction condition optimization 
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 Prior to the Geno/Grinder-based bacterial CTB extraction studies, the effect of 
Geno/Grinding on bacterial CTB was considered. For this study, bacterial CTB was diluted 
into two different quantities (5 or 10 ml) of pH 9.5 PALM buffer at the concentration of 20 
ng CTB/ml. After 30 min. aging at room temperature, samples contained in 15-ml 
polypropylene tubes with two 4 mm stainless steel balls inside were shaken by a 
Geno/Grinder for different durations (1, 4, 7 or 10 min.) at 1,100 strokes/min. This 
Geno/Gridning speed was used for the entire study. After Geno/Grinding, sample tubes were 
centrifuged for 3 min. at 5,000×g to mimic the extraction process. Centrifuged samples were 
re-shaken by a Geno/Grinder without removing sample buffers and this shaking and 
centrifugation process was repeated three times in total. Finally, bacterial CTB 
concentrations after different durations of Geno/Grinding were compared with no shaking (0 
min.) samples by ELISA.  
 After confirming the effect of Geno/Grinding on bacterial CTB, the extraction of 
bacterial CTB from soil was conducted under a range of extraction conditions. For the 
optimization of Geno/Grinding conditions, 2 g of soil containing 300 ng CTB/g soil was 
prepared in 15 or 50-ml polypropylene tube depending on the extraction buffer quantity. To 
enhance the extractability, two 4 mm stainless steel balls were placed in each tube and 
shaken together with soil. Extraction duration optimization was conducted by Geno/Grinding 
samples with 5 ml of pH 9.5 PALM buffer for different durations (1, 4 or 10 min.). After 
Geno/Grinding, samples were centrifuged for 3 min. at 5,000×g and the supernatants were 
removed to fresh tubes. This extraction process was repeated two more times and pooled 
extracts were analyzed by ELISA. Optimum buffer quantity was also determined by 
Geno/Grinding samples with different quantities (3~15 ml) of pH 9.5 PALM buffer for 4 
min. The extraction and centrifugation process was repeated a total of three times.  
 Lastly, bacterial CTB recoveries in each extract and in pooled extracts were observed 
under different combinations of extraction conditions. For this assay, extraction was repeated 
6 or 9 times to determine the necessary number of extraction repetitions.  
Bacterial CTB extraction comprehensive optimization 
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 Three different buffers were compared using the optimal combination of extraction 
conditions as determined previously. Eight milliliters of different extraction buffers (pH 8.0 
SHAN, pH 8.0 PALM or pH 9.5 PALM buffer) were added to 2 g of soil containing 300 ng 
bacterial CTB/g soil. Soil-buffer mixtures were shaken either by a Geno/Grinder for 1 min. 
or by a bench-top shaker for 20 min. The extraction was repeated 6 times and the recovery of 
bacterial CTB in the first three extracts and the combined extracts were determined by 
ELISA. 
 
LTB extraction method optimization 
 Using the optimized bacterial CTB extraction method, extraction methods for both 
bacterial and maize-expressed LTB were developed and quantified through a spike-recovery 
analysis. For the bacterial LTB extraction, bacterial LTB was spiked to 2 g of Webster-
Nicollet soil in 50-ml polypropylene tubes at the concentration of 300 ng LTB/g soil. After 
30 min. aging, 8 ml of pH 9.5 PALM buffer was added to sample tubes and samples were 
shaken for 20 min. at 400 strokes/min. using a bench-top shaker. The extraction was 
repeated a total of six times and pooled extracts were analyzed by ELISA.  
 For the maize-expressed LTB extraction method development, the spike-recovery 
was determined for 40 mg of ground LTB-maize, which was uniformly mixed into 2 g of 
soil. Based on the measured LTB expression level in kernels (30.17 µg LTB/g kernel), the 
initial concentration of maize-expressed LTB in soil was 603.4 ng LTB/g soil. After adding 
8 ml of pH 9.5 PALM buffer, samples were shaken either by a bench-top shaker for 20 min. 
or by a Geno/Grinder for 1 min. The extraction was repeated a total of six times and the 
amount of maize-expressed LTB in each extract and in pooled extracts were determined by 
ELISA. . 
 
~ Environmental Fate Study ~ 
Soil extraction method 
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 The most efficient and practical LTB (CTB) extraction method on the basis of 
method development was used for the environmental fate study. Briefly, 8 ml of pH 9.5 
PALM buffer was added to 2 g of treated soils in 50-ml polypropylene tubes, and then, the 
soil-buffer mixtures were shaken for 20 min. at 400 strokes/min. using a bench-top shaker. 
After 3 min. centrifugation at 5,000×g, sample supernatants were removed to fresh tubes. 
This extraction process was conducted a total of six times for the Webster-Nicollet and 
Canisteo soils, and a total of four times for the Hanlon soil considering the difference of 
protein affinity for each soil. Pooled extracts were analyzed by ELISA immediately after 
extraction to quantify the LTB (CTB) concentration in the extracts. Spike-recovery rates of 
LTB (CTB) from different soils under this extraction method are summarized in Table 3. 
  
Bacterial CTB and LTB water dissipation study 
 To observe the aquatic dissipation of bacterially produced proteins, bacterial CTB 
and LTB were added to purified and pond water and the change in protein concentration was 
monitored over time. For this study, bacterial CTB was diluted into 22 ml of water in loosely 
capped 50 ml glass vials and bacterial LTB was diluted into 13 ml of water in 20 ml glass 
vials. Initial concentrations of both bacterial proteins were 200 ng/ml. After 30 min. 
stabilization at room temperature, vials were placed in environmental chambers set at two 
different temperatures (24 or 36oC). Fluorescent lighting of chambers were set to 16:8 light-
dark cycle and part of samples was covered with aluminum foil to create 24 hours darkness. 
At each sampling time, 1 ml of samples were collected from well shaken glass vials, placed 
in 2 ml micro-centrifuge tubes, and stored at -80oC until being analyzed by ELISA. 
Sampling times for these studies were 0, 6, 12, 24, 36, 48, 72 hours for bacterial CTB (both 
under dark and light), 0, 1, 3, 5, 7 days for bacterial LTB under dark and 0, 4, 7, 15, 28 days 
for bacterial LTB under light. Samples were stored a maximum of 30 days prior to analysis. 
For ELISA quantification, samples were diluted with an equal volume of pH 7.0 PALM 
buffer to obtain sample pH, and diluted samples were spiked directly to ganglioside GM  1
 
 21
coated wells. Bacterial proteins for development of the standard curve were diluted with 
50:50 mixture of purified water and pH 7.0 PALM buffer. 
 
Maize-expressed LTB water dissipation study 
  One hundred and fifty milligrams of ground LTB-maize kernel was spiked into 24 ml 
of purified or pond water in loosely capped 50-ml polypropylene centrifuge tubes. Based on 
the measured LTB expression level in maize kernels (30.17 µg LTB/g kernel), the initial 
concentration of maize-expressed LTB in water was 188.6 ng LTB/ml water. Sample tubes 
were placed in a temperature controlled room at 24oC under 16:8 light-dark cycle. Part of 
samples was covered with aluminum foil to create 24 hours darkness. To maintain aerobic 
conditions, water samples were gently bubbled using an air-compressor. The volume of 
treatments was maintained by adding purified water every 4 days to account for evaporation 
loss. Sample tubes were collected at each sampling time (0, 5, 15, 25, 45 days) and kept in -
80oC freezer until being analyzed. Samples were stored a maximum of 80 days prior to 
analysis. 
For the quantification of maize-expressed LTB in water, 12 ml of pH 7.0 PALM 
buffer was added to each water sample and sample water-buffer mixtures were shaken for 45 
min. at 400 strokes/min. using a bench-top shaker. After centrifugation at 5,000×g for 3 min. 
and removing the supernatants, 8 ml of pH 7.0 PALM buffer was added to repeat the 
extraction twice more. Finally, extracts were pooled and analyzed by ELISA. The standard 
curve for maize-expressed LTB quantification was prepared using bacterial LTB. 
 
Bacterial CTB and LTB soil dissipation study 
For the soil dissipation study of bacterial proteins, 3,000 ng of bacterial LTB (CTB) 
was spiked into 2 g of soils (1,500 ng/g) in loosely capped 50-ml polypropylene tubes. Initial 
soil moisture was adjusted through the addition of purified water to obtain 15% w/w oven 
dry soil [1,200 kPa] for the Webster-Nicollet soil and 21% w/w oven dry soil [190 kPa] for 
the Canisteo soil. For the Hanlon soil, no additional water was spiked (0.4% w/w oven dry 
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soil [20,000 kPa]). After 30 min. aging at room temperature, sample tubes were stored in 
environmental chambers under different temperature and lighting conditions same as 
described for the bacterial CTB and LTB water dissipation study. Sampling times for these 
studies were 0, 6, 12, 24, 48, 72 hours for bacterial CTB and 0, 1, 2, 4 days for bacterial LTB, 
and collected sample tubes were stored in -80oC freezer. Samples were stored a maximum of 
7 days prior to analysis. Samples were defrosted immediately before the extraction and 
extracted samples were analyzed by ELISA.  
 
Maize-expressed LTB soil dissipation study 
 One hundred and fifty milligrams of LTB-maize was uniformly mixed into 2 g of 
soils in loosely capped 50-ml polypropylene centrifuging tubes. Based on the measured LTB 
expression level in maize kernels (30.17 µg LTB/g kernel), the initial concentration of 
maize-expressed LTB was 2,263 ng LTB/g soil. This concentration was approximately 10-
fold larger than the estimated field exposure concentration under worst-case scenario of 
exposure (Chapter 2). After 30 min. aging, all samples were placed in environmental 
chambers under different temperature and lighting conditions as described for the bacterial 
CTB and LTB water dissipation study. During the study, purified water was spiked to soils 
every 4 days to maintain the soil moisture level as previously described for the bacterial 
CTB and LTB soil dissipation study. Sample tubes were collected at each sampling time (0, 
5, 10, 25, 45, 90, 100 days) and kept in -80oC freezer until extracted and analyzed. Samples 
were stored in a freezer a maximum of 105 days prior to analysis. The standard curve for 
maize-expressed LTB quantification was prepared using bacterial LTB. 
 
RESULTS AND DISCUSSION 
~ Extraction Method Development ~ 
Extraction buffer optimization 
 Among five different buffers and water, only the high-salt, high-pH (PALM) buffer 
worked effectively for the extraction of bacterial CTB from the Webster-Nicollet soil (Table 
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2). This buffer was originally described in Palm et al. (1994) for the extraction of bacterial 
and cotton-expressed Bt proteins from soil. Palm et al. (1994) reported that Bt protein 
recovery from soil was greater with alkaline buffer condition, and this pH-dependent 
improvement of protein recovery was also observed for bacterial CTB. As presented in Fig.1, 
higher pH PALM buffer achieved better recovery of bacterial CTB from the Webster-
Nicollet and Hanlon soils though it was not possible to extract any bacterial CTB from the 
clay-rich Canisteo soil even using the higher pH PALM buffer (3 ml).  This low recovery of 
CTB from the Canisteo soil can be explained by the difference of protein affinity for soils. 
Previous studies on the environmental fate of proteins indicated that both bacterially 
produced and maize-expressed Bt proteins were rapidly adsorbed to clay and humic acid 
components of soil, and the bound protein would not be readily desorbed (Crecchio 1998, 
Saxena 2002, Tapp 1995). Since the Canisteo soil has higher clay and organic matter 
contents with larger cation exchange capacity than two other soils in this study, it is 
presumed that CTB may similarly be subject to stronger adsorption and irreversible binding 
to suppress its recovery from this soil. 
 Although higher pH buffer worked more effectively for the extraction of bacterial 
CTB, it was also confirmed that ganglioside-dependent ELISA was highly pH sensitive. As 
shown in Fig.2, the sensitivity of ELISA to detect CTB and LTB was maximized when 
samples were diluted in pH 5~8 PALM buffer and it was dramatically decreased under either 
extremely acidic or alkaline buffer conditions. As a cause of this pH-dependent decrease of 
ELISA sensitivity to detect CTB and LTB, either pH-dependent decrease of CTB (LTB) 
affinity for ganglioside GM1 or pH-dependent protein denaturing is suspected. In the case of 
bacterial CTB diluted in pH 9.5 PALM buffer, neutralization of buffer pH by strong acid 
increased the detection sensitivity pH dependently (Fig.3). From this observation, it is 
expected that low detection sensitivity at pH 9.5 PALM buffer may be primarily caused by 
the decrease of CTB affinity for ganglioside GM1. On the other hand, in pH 12.5 PALM 
buffer, neutralization did not help to detect CTB by ELISA, and therefore, it is possible that 
CTB was denatured in this strongly alkaline condition. 
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 Considering this buffer pH effect on ELISA sensitivity, neutral buffer was preferred 
for more sensitive detection of CTB and LTB. As an example of the use of the neutral buffer, 
Shan et al. (2005) reported the remarkable improvement of Bt Cry1 protein recovery from 
soil using artificial marine invertebrates gut fluid mimetic (SHAN) buffer, and this SHAN 
buffer (Table 2) was tried for the extraction of bacterial CTB. However, although Shan et al 
(2005) reported the over 80% recovery of Bt protein from clay-rich soil, the same buffer did 
not work effectively for the extraction of bacterial CTB from soil under any extraction 
condition (Fig.10). Finally, considering the extractability and detection sensitivity, pH 9.5 
PALM buffer was chosen as the extraction buffer for further optimization of extraction 
conditions. 
 
Extraction condition optimization 
Extraction conditions strongly influenced the recovery of bacterial CTB. 
Fundamentally, a larger quantity of pH 9.5 PALM buffer worked more effectively for a 
bench-top shaker-based (Fig.4) or a Geno/Grinder-based (Fig.7-B) extraction of bacterial 
CTB from any type of soils. This volume effect was especially important for the extraction 
from the clay-rich Canisteo soil which has a stronger affinity for bacterial CTB. 
Optimal shaking duration differed depended on soil types and the shaking method. In 
the case of bench-top shaking, 20 min. shaking per extraction achieved better recovery of 
bacterial CTB than 7 min. shaking for any of the soils (Fig.5, Fig.9). On the other hand, the 
most effective Geno/Grinding duration varied among soils; that is, 1 min. of Geno/Grinding 
per extraction worked the most effectively for the Hanlon soil, but 4 min. was the best for 
the Webster-Nicollet soil, and no large time-dependent difference was observed for the 
Canisteo soil (Fig.7-A). Varied extraction efficiencies from these soils are most likely due to 
difference in protein affinity for retention in the soil solid phase. However, it could also 
relate to rapid loss of activity through degradation, denaturing, or failure to form pentamers 
which would be expected to differ among soils. As an example of such bacterial CTB 
denaturing, 30min. Geno/Grinding with 5 ml of pH 9.5 PALM (without soil) decreased the 
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detected concentration of CTB to as low as 50% of the non-shaken control concentration 
(Fig.6). This reduction of bacterial CTB concentration was alleviated by using larger 
quantity of buffer. 
Because of different protein affinity among the three soils, the number of sequential 
extraction necessary for optimal CTB and LTB recovery varied among the soils. Although 
most bacterial CTB (Fig.5, Fig.8) and maize-expressed LTB (Fig.11) were extracted within 
three extractions from the Hanlon soil, there was still protein detected even in the sixth 
extract from the Webster-Nicollet soil, either after bench-top shaking or Geno/Grinding. As 
summarized in Fig.9 and Fig.12, most bacterial CTB and maize-expressed LTB were 
extracted in the 1~3 extracts from the Hanlon soil, although protein was still detected in the 
4~6 extracts from the Webster-Nicollet and Canisteo soils.  
Although Shan et al. (2005) reported the efficiency of using a Geno/Grinder for the 
extraction of Bt Cry1 proteins from soil, no large difference was observed between the use of 
a Geno/Grinder and a bench-top shaker for the extraction of bacterial CTB (Fig 9) and 
maize-expressed LTB (Fig.12) under the condition employed here. However, the reduction 
of extraction time by using a Geno/Grinder is highly advantageous to handle a large number 
of samples. 
After optimizing the extraction conditions, the extractabilities of three promising 
buffers were again compared using the established extraction condition, and consequently, 
the pH 9.5 PALM buffer still worked the most effectively for the extraction of bacterial CTB 
from soils in comparison with pH 8.0 PALM and pH 8.0 SHAN buffers (Fig.10). Therefore, 
pH 9.5 PALM buffer was selected as the best available buffer for the extraction of LTB and 
CTB in these studies. Using this extractant and extraction conditions, extraction-recoveries 
ranged from 17.3% (maize-expressed LTB in the Canisteo soil) to 81.3% (maize-expressed 
LTB in the Hanlon soil) as summarized in Table 3. The over all mean recovery for any soil 
or protein source was 48.7% which is within the range of protein recoveries from soils 
reported in Palm et al. (1994) for Bt cry protein. 
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Future studies 
 CTB and LTB extraction methods developed in this study still have many 
shortcomings which will need further considerations. Although pH 9.5 PALM buffer worked 
the most effectively for the extraction of CTB, the efficacy of the PALM buffer system was 
still low and both CTB and LTB required repeated extractions to achieve reasonable 
recoveries from fine-textured soils. Since longer shaking may damage proteins, a more 
efficient extraction buffer which enables the extraction of most proteins in the first extract is 
needed. As an extraction solvent, it is important to choose a milder aqueous buffer, instead 
of strong organic solvents which is commonly used for many organic chemicals, to preserve 
the quaternary structure of pentametic protein, since precise structure of protein is required 
for the specific detection by ELISA. This fragility and hydrophilicity of LTB (CTB) strictly 
limit the choice of extraction solvent. Pentameric LTB is also known to be denatured to 
monomers upon boiling or under extreme pH conditions (Chikwamba 2003). Therefore, the 
use of high temperature or extreme pH buffer may not be applicable to enhance the 
extractability of LTB as well.  
 In addition to the composition of the extraction buffer, the method of analysis or 
post-extraction steps can be improved to allow for sensitive detection. In this study, the 
effectiveness of larger volume buffer for bacterial CTB recovery was observed. For the use 
of large quantity of buffer without losing the accuracy and low detection limit, the 
development of an effective protein concentration method, such as the use of solid-phase 
extraction column, is also needed. 
 
Conclusion 
 On the basis of this method development, the following extraction method is 
suggested as the best available one to extract LTB (CTB) from soil; (1) Extraction buffer: 
pH 9.5 high KCl (PALM) buffer, (2) Buffer quantity: 8~15 ml, (3) Shaking method: Bench-
top shaker or Geno/Grinder, (4) Bench-top shaking duration: 20 min., (5) Geno/Grinding 
duration: 1 min. for the Hanlon soil, 4 min. for the Webster-Nicollet and Canisteo soils, (6) 
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Extraction repetition: 4 times for the Hanlon soil, 6 times for the Webster-Nicollet and 
Canisteo soil. The spike-recovery rates of CTB and LTB by this optimal method (buffer 
quantity: 8 ml) are presented in Table. 3. This optimized extraction method was used for the 
environmental fate studies. 
 
~ Environmental Fate Study ~ 
Dissipation in water 
Dissipation of proteins in water was studied for bacterial CTB, bacterial LTB and 
maize-expressed LTB. The average time-zero spike-recovery of protein was 89.3 (±11.0)% 
for bacterial CTB, 86.1 (± 8.2)% for bacterial LTB and 60.7 (± 4.2)% for maize-expressed 
LTB. These recovery rates were determined by the comparison of the detected concentration 
in the time-zero extracts and the initially spiked nominal concentration. The nominal 
concentration of maize-expressed LTB was calculated based on the measured expression 
level of 30.17 µg LTB/g kernel. 
Bacterial CTB rapidly dissipated from water within 2 days regardless of test 
conditions, and there was no effect of water source, temperature or lighting on bacterial CTB 
dissipation in water (Fig.13). The dissipation of bacterial LTB from water was markedly 
different from that of bacterial CTB. Although most bacterial LTB dissipated within 5 days 
in pond water, it persisted in purified water and could be detected 28 days following addition 
(Fig.14). Incubation temperature and lighting had no clear effect on the dissipation of 
bacterial LTB. Lastly, dissipation of maize-expressed LTB was also more rapid in pond 
water than in purified water regardless of light regime, which did not appear to affect 
dissipation (Fig.15). Maize-expressed LTB in purified water could be detected 45 days after 
application, although most maize-expressed LTB dissipated within 15~30 days in pond 
water.  
Both bacterial and maize-expressed LTB were more persistent in purified water than 
in pond water. Among several potential factors that dictate the fate of LTB, the difference in 
microbial activities would appear to be the most reasonable cause for the water source-
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dependent difference in LTB dissipation. Since pond water is much more biologically active 
than purified water, it is expected that maize materials including LTB may actively be 
degraded by microbes in pond water but not in purified water. In addition to the biological 
activities, the difference of water physicochemical properties (i.e., water pH, hardness) needs 
to be considered since it may potentially affect the rate of protein denaturing. Lastly, pond 
water may contain colloidal organic and inorganic particles, which could affect time-
dependent irreversible binding of LTB and CTB. 
Although purified water contained extremely low initial biological activity and 
suspending materials, dissipation of LTB in purified water was still observed, and three 
factors are considered important for this dissipation. Firstly, natural denaturing of pentameric 
LTB is considered as the main cause of abiological dissipation of LTB in purified water, 
since proteins have highly precise quaternary structure and this structure is essential for the 
detection by ELISA. Secondly, since purified water in this experimental system was not kept 
sterilized after being placed in the environmental chamber, some microbes could have 
entered the system over time. Lastly, time-dependent irreversible binding of proteins to glass 
materials is suspected. 
Although previous studies have shown that LTB and CTB are highly homologous 
(Lockman 1983, Walter 1980), the aquatic dissipation of these bacterial proteins showed 
clear differences. The most apparent difference in the aquatic fate of these bacterial proteins 
was the dissipation in purified water. Unlike bacterial LTB, which was relatively persistent 
in purified water, most bacterial CTB dissipated within a day even in non-biologically active 
purified water. From this observation, it appears that abiotic denaturing may be a major 
cause of bacterial CTB dissipation in water, since no apparent difference in dissipation was 
observed between in pond water and in abiotic purified water. As another cause of bacterial 
CTB dissipation, rapid irreversible binding of CTB to glass materials is also suspected. Since 
various factors (i.e., protein source, purity, preparation) are different between bacterial CTB 
and LTB used in this study, and dissipation studies for these proteins were not conducted at 
the same time, it is difficult to determine the cause of this different dissipation trend from 
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water as the different nature of proteins. In any case, bacterial proteins did not appear to be 
highly persistent in aqueous systems. 
 
Dissipation in soils 
The extractable pool of bacterial CTB applied to three types of soils rapidly declined 
to less than 50% of the initial amount within 1 day (Fig.16). Unlike the dissipation in water, 
dissipation rates of bacterial CTB in soils were temperature-dependent with dissipation 
markedly more rapid at 36o oC than at 24 C. Although the DT50 (time to dissipation of 50% of 
the initial extractable pool) of bacterial CTB in soil was < 1 day under any conditions, 
10~20% of initially extracted bacterial CTB was still detected even after 3 days at 24oC. 
Whereas for soils incubated at 36oC, the level of bacterial CTB extractable after 1 day was 
negligible.  
Due to the limitation of bacterial LTB availability, its soil dissipation was studied 
only in the Webster-Nicollet soil. As shown in Fig.17, most of the extractable phase of 
bacterial LTB was not highly persistent in soil and it dissipated rapidly within 4 days with 
clear temperature-dependent difference. That is, although most bacterial LTB dissipated 
within 2 days at 36oC, dissipation was slower at 24oC, and 14.5% of extractable bacterial 
LTB at time zero was still detected 4 days after being added to soil.  
Dissipation of maize-expressed LTB varied widely depending on soil type and 
incubation temperature. As described in Fig.18, maize-expressed LTB could be detected up 
to 100 days after incorporation into soil. Dissipation of maize-expressed LTB presented 
interesting differences among the three soils. For the Webster-Nicollet and Canisteo soils, 
there was an apparent lag in dissipation for the initial 25~45 days after LTB-maize was 
added to soil, after which, dissipation was relatively rapid (Fig.18-A, B). Furthermore, 
dissipation was more rapid at 36oC than at 24oC in the Webster-Nicollet and Canisteo soils. 
On the other hand, no time lag or temperature-dependent differences were observed in the 
Hanlon soil (Fig.18-C). No effect of light regime was observed in any soil, and the effect of 
light, in general, is considered to be minimal once the maize material is covered with soil. 
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Since fluorescent light which provides limited light spectrum in comparison with sun light 
was used in this study to observe the light regime, further study is required to conclude the 
effect of photodegradation. 
Dissipation of CTB and LTB in soils was markedly affected by incubation 
temperature except for the dissipation of maize-expressed LTB in the Hanlon soil. Among 
several factors presumed as the cause of this temperature effect on protein dissipation, the 
difference of soil microbial activity is considered as the primary one. Many previous studies 
on soil microbiology indicate that soil microbial activity, in general, is strongly enhanced at 
higher temperature (Zak 1999). Therefore, the enhanced soil microbial activities at 36oC 
might have induced more rapid biological degradation of CTB and LTB in soil. In a similar 
study on the fate of plant-made recombinant protein in soil, Palm et al. (1996) reported the 
fate of cotton-expressed Bt Cry1A protein both in sterile and non-sterile soil. In their study, 
more rapid dissipation of Bt protein occurred in non-sterilized soil than in sterilized soil, 
indicating the importance of soil microbes on Bt protein degradation. This observation also 
supports the idea that biological activity would be the main cause of the maize-expressed 
LTB dissipation in soil. The lack of temperature effect on the dissipation of maize-expressed 
LTB in the Hanlon soil can also be explained by soil microbial activity. As shown in Table 1, 
the Hanlon soil has very little contents of clay and organic matter, a nutritional source of 
microbes, with extremely low moisture level. These properties of the Hanlon soil would 
strictly limit the soil microbial activity (Orchard 1983). Thus, in the Hanlon soil, low 
microbial activity may have limited the biologically induced-temperature effect on the 
dissipation of maize-expressed LTB. 
Apart from the effect of microbial activity, enhanced abiotic denaturing of CTB and 
LTB at higher temperature could be considered as another cause of temperature effects on 
dissipation rate. Dissipation of bacterial CTB in three soils showed similar decline in 
recovery on all three soils. From this observation, it is predicted that abiotic factor, such as 
temperature-dependent denaturing, would be also important for the rapid dissipation of 
bacterial CTB in soil. In addition to such abiotic denaturing, the effect of the irreversible 
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adsorption of bacterial CTB and LTB to soils has to be considered as an important factor to 
affect the dissipation of extractable phase of proteins. If CTB and LTB bind more rapidly to 
soil at higher temperature and bound proteins are recalcitrant to extraction, temperature-
dependent difference of protein dissipation in soil may occur. Although, the fate of un-
extractable phase of protein cannot be clearly discerned from this study, the effect of 
temperature-depending irreversible adsorption to soil may be a less important for the 
dissipation rate of maize-expressed LTB. This is because maize-expressed protein does not 
directly interact with soil until it is released from the kernel matrix. 
 
Effect of LTB expression system on the environmental persistence 
The source of LTB strongly affected its environmental persistence. In pond water, 
bacterial LTB dissipated within 5 days (Fig.14) though maize-expressed LTB could be 
detected 25 days after starting the experiment (Fig.15). As with dissipation in water, maize-
expressed LTB was more persistent in soil than bacterially produced LTB. Although most 
bacterial LTB had dissipated within 4 days at 24oC (Fig.17), maize-expressed LTB could be 
detected even 100 days after incorporation into the Webster-Nicollet soil under the same 
conditions (Fig.18).  
This clear difference of dissipation rate between bacterial and maize-expressed LTB 
is likely related to the matrix in which the LTB is present. LTB-maize used in this study 
expresses LTB only in kernel endoplasm using an endoplasm specific γ-zein promoter. More 
specifically, transmission electron microscopy observation of immunogold-labeled maize-
expressed LTB proved that LTB is localized primarily in starch granules of maize 
endoplasm (Chikwamba 2003). From the standpoint of protein quality, this encapsulation of 
LTB in starch granules is considered to be highly advantageous to add resistance against 
high temperature, low pH, peptidase attacks, and other factors which inhibit the efficacy of 
orally administered vaccines (Chikwamba 2003). Resistance of maize-expressed vaccines 
against harsh conditions is also advantageous to reduce the necessity of cold-chain transport 
and storage system which increase the cost of vaccine distributions in developing countries 
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(Streatfield 2003). From an environmental perspective, this encapsulation might add 
resistance to maize-expressed LTB against both biological and abiotic degradation in the 
environment and make it more persistent than non-encapsulated bacterial proteins.  
Dissipation of maize-expressed LTB shows an initial lag in both in water and soil. 
For example, maize-expressed LTB dissipation started more than five days after being 
spiked into pond water (Fig.15), whereas bacterial LTB started dissipating right after being 
spiked (Fig.14). This delayed dissipation of maize-expressed LTB may be because the LTB 
must first be released from the seed matrix before it is susceptible to degradation. This lag 
phase was longer for the dissipation of maize-expressed LTB in the Webster-Nicollet and 
Canisteo soils. In the Webster-Nicollet soil, there was no apparent dissipation of maize-
expressed LTB during the initial 25 days of incubation, after which, dissipation occurred at a 
relatively rapid rate (Fig.18-A). In contrast, bacterial LTB started dissipating right after 
being spiked into soil (Fig.17). Since the biological activity of the Hanlon soil might have 
been limited, no apparent lag phase was observed for the dissipation of maize-expressed 
LTB in the Hanlon soil. 
 
Future studies 
 This environmental fate study describes the dissipation of the extractable fraction of 
protein, whereas the fate of non-extractable (irreversibly bound) fraction of protein is still 
unclear. Since recovery of both LTB and CTB from clay-rich soil is still low, development 
of better extraction method is needed for more precise understanding of their fates in soil. 
With Bt protein, it is reported that soil adsorbed or irreversible-bound proteins clearly 
retained insecticidal activity, and in some cases, the toxicity was even enhanced in contrast 
with free proteins (Tapp 1995). It was also observed that soil-bound Bt proteins were less 
biodegradable than free proteins (Koskella 1997). These observations emphasize the 
importance of proper understanding of the fate and bioavailability of soil-bound LTB, since 
retention of activity when bound may be consequential. To understand the fate of non-
extractable fraction of LTB in soil, the use of radio-labeled LTB would be promising, but 
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cost-prohibitive (Kweon 2002). Tagging of the protein with a tracer or use of a surrogate 
such as green florescent protein may also prove useful for better understanding of transgenic 
protein fate in soils. 
 In this study, only the persistence of the parent protein was observed since 
ganglioside-dependent ELISA specifically detected pentameric LTB (CTB) and the 
denatured protein could be detected. This specific detection of pentameric LTB (CTB) is 
important in terms of bioavailability, since pentameric LTB (CTB) is much more 
immunogenic than denatured monomers and specific binding of pentameric subunit B to 
intestinal ganglioside GM1 would cause LT and CT intoxications (de Haan 1998). But 
further observation of the fate of degradation products, such as LTB (CTB) monomer, would 
help to achieve more comprehensive understanding of LTB (CTB) fate in soil. For further 
observation of degradation products, the use of other analytical methods, such as the 
Western-blot analysis or HPLC-MS, may prove useful, since they could accurately separate 
degradation products from pentameric parent proteins. 
 In regard to the experimental design, ground maize kernel was used for the entire 
study to simplify the study and eliminate the risk of negligent spread of germinatable 
transgenic seeds. However, in the actual maize field, LTB-maize is supposed to fall onto 
ground as a form of individual kernel or even as an ear, and it never exists as finely ground 
form. Therefore, it is also important to consider that persistence will besomewhat different 
under more realistic conditions. 
  
Conclusion 
 The dissipation of the extractable phase of maize-expressed LTB and related 
bacterial proteins under relatively conservative laboratory conditions was considered in this 
study. The DT50 of maize-expressed LTB was determined to be 4~15 days in pond water and 
35~90 days in soil, and the dissipation was strongly influenced by matrix types and 
incubation temperature. In contrast with maize-expressed LTB, the DT50 for bacterially 
produced LTB and CTB was < 4 days both in pond water and soil. Although maize-
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expressed LTB was more stable than bacterially produced analogue, its dissipation was 
governed by an initial lag, which could be attributed to release from the plant material, 
following by relatively rapid decline. 
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Subsoil          
(80 cm depth) 
Surface soil 
Surface soil 
Notes 
20 
f
Table 1. Soil characteristics 
Texture (%) 
Series a Type 
Sand Silt Clay 
O.M.b 
(%) pH 
c
C.E.C.d 
(cmol/ 
kg) 
Moist.e  
(%) 
Moist.  
tension 
(kPa) 
1500 
400 
Hanlon : Coarse-loamy, mixed, superactive, mesic Cumulic Hapludolls 
0.4 
12.4 
17.7 
Webster-Nicollet : Fine-loamy, mixed, mesic Aquic Hapludalf 
Webster-
Nicollet Loam 47 36 17 2.6  6.8  14.9 
Canisteo Clay- loam 36 34 30 4.0  6.0  20.1 
Hanlon Sand 90 6 4 0.5  7.3  6.9 
a Taxonomic class 
 Canisteo : Fine-loamy, mixed, mesic Aquic Hapludalf 
 
b Organic Matter : Walkley Black Titration method 
c Soil pH : Soil water (1:1) determined by a glass electrode pH meter 
d Cation Exchange Capacity : Summation procedure (Ammonium acetate extraction) 
 Approximate moisture tension as used 
 Moisture of sieved soil under storage 
 
 
e
f
  
40
Table 2. Recovery of bacterial CTB from soil using various buffers 
Published 
Bt recovery 
CTB  
recovery Reference Buffer pH Description a
Water 7.2 
Purified water (Purified by 
NANOpure D4741; Barnstead 
International, Dubuque, IA, USA) 
0.0 % - - 
PBS 7.1 
Phosphate buffer with saline 
(10nM Na2HPO , 3mM KH PO4 2 4, 
100mM NaCl) 
0.0 % - - 
PBST 7.2 PBS + 0.05% Tween 20 0.0 % 30.3 % Shan 2005 
PALM 9.5 
High Salt, High pH buffer 
(50mM Na B2 B4O -10H7 2O, 0.75M 
KCl, 10mM C
17.0 - 
70.0 % 18.4 % Palm 1994 H6 8O6, 0.075% 
Tween-20) 
SHAN 7.3 
Artificial marine worm gut 
fluid mimic buffer (355mM 
NaCl, 25mM Na 64.0 - 
116.0 % 
SO2 4, 7.9mM 
KCl, 2mM NaHCO 0.0 % Shan 2005 4, 11.9mM, 
46mM MgCl -6H2 2O, 13mM 
Sodium taurocholate, 0.1% BSA) 
KERNEL 6.6 
Buffer for LTB extraction from 
maize kernel (25mM Sodium 
Phosphate buffer [pH6.6], 
100mM NaCl, 1mM EDTA, 0.1% 
Triton X-100, 10µg/ml Leupeptin, 
0.25mM Pefablock SC) 
Chikwamba 
2002a 0.0 % - 
a Recovery from the Webster-Nicollet soil (Initial concentration: 100 ng CTB/g soil, Extracted 
  three times by a bench-top shaker with 3 ml of pH 9.5 PALM buffer.) 
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Table 3. Recovery of proteins from soils 
Maize-expressed 
LTB 
Bacterial        
LTB 
Bacterial        
CTB a  b c   
(%) (%) (%) 
Webster-Nicollet 57.0 (± 3.0) 64.9 (± 11.2) 38.9 (± 2.2)
Soil 
series Canisteo 30.4 (± 10.6) - 17.3 (± 0.3)
Hanlon 51.4 (± 6.3) - 81.3 (± 12.2)
Extracted buffer: 8 ml of pH 9.5 PALM buffer 
Shaking method: Bench-top shaking for 20 min./extraction at 400 strokes/min. 
Extraction repetitions: 6 times for Webster-Nicollet and Canisteo, 4 times 
Initial protein concentrations for spike-recovery test                                           
a Bacterial CTB: 300 ng CTB / g soil  
b Bacterial LTB: 300 ng LTB / g soil  
c Maize-expressed LTB: 20 mg LTB-maize (603 ng LTB) / g soil  
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 Fig.1. Extraction buffer pH-dependent difference of bacterial CTB recovery from three types
  of soils (□: Webster-Nicollet, ♦: Canisteo, ∆: Hanlon soil). Extraction was conducted by a 
 bench-top shaker three times with 3 ml of different pH PLAM buffers. Initially  spiked CTB 
 concentration was 100 ng CTB/g soil. 
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 Fig.2. Matrix-dependent difference of bacterial CTB and LTB detection sensitivity by 
 ELISA. Measured absorbance values were directly compared with that of pH 7.0 PALM 
 buffer (= 100). Spiked concentration of CTB (LTB) was 10 ng/ml. 
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 Fig.3. Effect of post-preparation pH adjustment on bacterial CTB detection sensitivity by 
 ELISA. Purified water or strong acid (8 or 12M HCl) was spiked to 10 ml of CTB containing 
 of PALM buffers (pH 7.0, 9.5 or 12.5) to neutralize the buffer pH. Buffer pH after adjustment 
 is shown just below the quantity of each additive. Measured absorbance  values were directly 
 compared with that of pH 7.0 PALM buffer (= 100) and nothing was detected from pH 12.5 
 PALM buffer. Spiked concentration of bacterial CTB was 10 ng/ml. 
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 Fig.4. Effect of extraction buffer quantity on bacterial CTB recovery from three soils (□: 
 Webster-Nicollet, ♦: Canisteo, ∆: Hanlon soil). Extraction was conducted by a bench-top 
 shaker three times with different quantity of pH 9.5 PALM buffer. Initially spiked CTB 
 concentration was 300 ng CTB/g soil. 
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 Fig.5. Bacterial CTB recoveries in each extract from the Webster-Nicollet (A) and Hanlon 
 (B) soils. Extraction was conducted by a bench-top shaker under different conditions (♦: 
 Extracted with 8 ml of pH 9.5 PALM buffer for 20 min., □: Extracted with 15 ml of pH 9.5 
 PALM buffer for 7 min., ∆: Extracted with 15 ml of pH 9.5 PALM buffer for 20 min.). 
 Initially spiked CTB concentration was 300 ng CTB/g soil. 
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Geno/Grinding Fig.6. Effects of  on bacterial CTB denaturing. Bacterial CTB was diluted 
 in different quantities (□: 5 ml, ▲: 10 ml) of pH 9.5 PALM buffer at the  concentration of 20 
 ng CTB/ml. Sample solutions were shaken by a Geno/Grinder for different durations and the 
 concentration of CTB after Geno/Grinding was compared. 
 
 48
 
A: Geno/Grinding duration
0
10
20
30
40
1 3 5 7 9
Geno/Grinding duration (min./each extraction)
%
 C
TB
 re
co
ve
ry
 
 
 
 
 
 
 
 11
 
 
B: Extraction buffer quantity
0
20
40
60
3 5 7 9 11 13 15 17
Buffer quantity (ml)
%
 C
TB
 re
co
ve
ry
 
 
 
 
 
 
 
 
 
 Fig.7. Effects of Geno/Grinding conditions on bacterial CTB recovery from three types  of 
 soils (□: Webster-Nicollet, ♦: Canisteo, ∆: Hanlon soil). A: Extraction was conducted three 
 times with 5 ml of pH 9.5 PALM buffer for different durations. B: Extraction was 
 conducted three times with different quantities of pH 9.5 PALM buffer  for 4 min. Initially 
 spiked CTB concentration was 300 ng CTB/g soil. 
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 Fig.8. Bacterial CTB recoveries in each extract from the Webster-Nicollet (A) and Hanlon 
 (B) soils. Extraction was conducted by a Geno/Grinder under different  conditions  
 (♦: Extracted with 8 ml of pH 9.5 PALM buffer for 1 min., □: Extracted with 8 ml of pH 9.5 
 PALM buffer for 4 min., ∆: Extracted with 15 ml of pH 9.5 PALM buffer for 1 min.). 
 Initially spiked CTB concentration was 300 ng CTB/g soil. 
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 Fig.9. Bacterial CTB recoveries from soils under different combinations of extraction 
 conditions. Extraction was repeated six times and CTB recovery in the first three extracts  and 
 entire extracts were measured. Initially spiked CTB concentration was 300 ng CTB/g soil. 
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 Fig.10. Comparison of extraction buffers for spike recoveries of bacterial CTB from soils 
 (PA: PALM buffer, SH: SHAN buffer). Extraction was conducted six times with 8 ml of each 
 buffer and CTB recovery in the first three extracts and entire extracts were measured. Initially 
 spiked CTB concentration was 300 ng CTB/g soil. 
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 Fig.11. Maize-expressed LTB recoveries in each extract from the Webster-Nicollet (□)  and 
 Hanlon (▲) soils under different shaking methods (A: Bench-top shaking with 8 ml of pH 
 9.5 PALM buffer for 20 min., B: Geno/Grinding with 8ml of pH 9.5 PALM buffer for 1 
 min.). Initially spiked LTB-maize concentration was 40 mg kernel (603.4 mg LTB)/g soil. 
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 Fig.12. Maize-expressed LTB recoveries from soils. Extraction was conducted six times  and 
 LTB recovery in the first three extracts and entire extracts were measured. Initially spiked 
 LTB-maize concentration was 40 mg kernel (603.4 mg LTB)/g soil. 
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 Fig.13. Bacterial CTB dissipation in different conditions of water (∆: Purified water at 24oC, 
 □: Purified water at 36oC, ♦: Pond water at 24oC). Samples were incubated under complete
 darkness (A) or 16:8 light-dark cycle (B). Initial CTB concentration was  200 ng CTB/ml and 
 sample volume was 22 ml. Dissipation is shown as percent of time zero detected 
 concentration. 
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 Fig.14. Bacterial LTB dissipation in different conditions of water (∆: Purified water at 24oC, 
 □: Purified water at 36oC, ♦: Pond water at 24oC, ×: Pond water at 36oC). Samples were 
 incubated under complete darkness (A) or 16:8 light-dark cycle (B). This study was initially 
 conducted under complete darkness for 7 days (A). But since bacterial LTB was stable in 
 purified water, additional study was conducted for longer period (28 days) under lighting 
 condition (B). Initial LTB concentration was 200 ng LTB/ml and sample volume  was 13 ml. 
 Dissipation is shown as percent of time zero detected concentration. 
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 Fig.15. Maize-expressed LTB dissipation in different water (∆: Purified water, ♦: Pond water) 
at 24oC. Samples were incubated under complete darkness (A) or 16:8 light-dark cycle (B). 
Initial LTB-maize concentration was 6.25 mg kernel (188.6 ng LTB)/ml and sample volume 
was 24 ml. Dissipation is shown as percent of time zero detected concentration. 
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 Fig.16. Bacterial CTB dissipation in different soils (A: Webster-Nicollet, B: Canisteo, C: 
 Hanlon soil). Samples were incubated at 24oC (∆) or at 36oC (■) under complete darkness. 
 Initial CTB concentration was 1,500 ng CTB/g. Dissipation is shown as percent of time zero 
 detected concentration. 
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C (∆) or at 36 Fig.17. Bacterial LTB dissipation in the Webster-Nicollet soil at 24o oC (■) 
 under complete darkness. Initial LTB concentration was 1,500 ng LTB/g soil. Dissipation is 
 shown as percent of time zero detected concentration. 
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 Fig.18. Maize-expressed LTB dissipation in different soils (A: Webster-Nicollet, B: Canisteo, 
C: Hanlon soil). Samples were incubated under different temperature and lighting conditions 
(∆: 24oC [Dark], ■: 34oC [Dark], ◊: 24oC [Light]). Initial LTB-maize concentration was 75 mg 
kernel (2,263 ng LTB)/g. Dissipation is shown as percent of time zero detected concentration. 
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Chapter 2 
Sub-acute effects of maize-expressed vaccine protein, Escherichia coli  
heat-labile enterotoxin subunit B (LTB), on the springtail, Folsomia candida  
and the earthworm, Eisenia fetida 
 
Hirofumi Kosaki, Jeffrey D. Wolt, Kan Wang, and Joel R. Coats 
A chapter to be submitted to Journal of Agricultural and Food Chemistry 
 
ABSTRACT 
 Transgenic plants are now considered to be an innovative platform for the cost 
effective large-scale production of various pharmaceutical proteins. Open-field production of 
the plant-made pharmaceuticals (PMPs) necessitates quantitative assessment of their 
potential ecological risks to prevent negative impact on the surrounding ecosystem, and 
characterization of adverse effects to environmental entities of concern is fundamental to 
understanding ecological risk. In this study, laboratory assays were conducted to investigate 
the sub-acute effect of transgenic maize-expressed vaccine protein, Escherichia coli heat-
labile enterotoxin subunit B (LTB), on two soil invertebrates. After being reared 28 days on 
LTB-maize-treated or control soils, survival and reproduction were measured for the 
springtail, Folsomia candida, and survival and growth were measured for the earthworm, 
Eienia fetida to determine the sub-acute effect of maize-expressed LTB. As a result, no 
apparent death of F. candida and E. fetida reared on LTB were observed at levels well-above 
conservatively projected estimated environmental concentrations. Therefore, it is concluded 
that there would be no acutely toxic effect of LTB to these species. As for the sub-acute 
effect, no significant differences of F. candida mean reproduction and E. fetida mean growth 
were observed between LTB-maize-treated samples and non-GM-maize-treated controls. In 
addition, no LTB was detected as a result of E. fetida whole body extraction assay which 
indicates there was no tendency for bioaccumulation. On the basis of these observations, it is 
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predicted that the adverse effects of LTB-expressing maize on F. candida and E. fetida are 
minimal, if any. 
 
  KEYWORDS:  Escherichia coli, enterotoxin subunit B, plant-made vaccine,    
    transgenic maize, ecological effect, springtail, earthworm 
 
INTRODUCTION 
 Recent developments in biotechnology make it possible to introduce genes across 
species and express various recombinant proteins in plant tissues. Recombinant plant-
expressed proteins have a wide range of functions including protection against herbivorous 
pests, resistance to certain herbicides, tolerance to harsh conditions and improvement of 
nutritional balances. Among various plant biotechnologies, the production of pharmaceutical 
proteins using plants as a bioreactor represents a novel strategy of pharmaceutical production 
(Daniel 2001, Ma 2003). Plant-made pharmaceuticals (PMPs) production, also called 
“biopharming” or “molecular farming”, is claimed to have many potential advantages over 
conventional protein production methods. Such advantages include, “low cost of large-scale 
production”, “no risk of animal pathogens”, “high storability and transportability”, “ability to 
express multiple proteins” and “ability to be introduced into food crops for oral 
administration” (Fisher 2000). 
 Escherichia coli heat-labile enterotoxin subunit B (LTB) is a 11.6 kDa non-toxic 
subunit of diarrhea-inducing heat-labile enterotoxin (LT). Although LTB itself is not a 
hazardous substance, specific binding of homopentameric LTB to intestinal ganglioside GM1 
lets the enzymatically active 27 kDa A subunit of LT (LTA) cross membranes. The LTA, 
once introduced, activates the G-protein-mediated signaling pathways causing diarrhea 
symptoms (Spanger 1992). Because of its strong immunogenicity without adverse effects on 
human health, LTB has been widely studied as an oral vaccine against LT-induced diarrhea 
disease (Dickison 1996). In addition to its effectiveness as a vaccine, LTB is also known as a 
potent mucosal adjuvant which enhances the mucosal immunogenicity of co-administered 
vaccines (Millar 2001). For the establishment of safe, effective and reasonable-cost 
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application of LTB to human and veterinary health treatments, plant-based LTB production 
has been investigated in several plants, such as potatoes, maize and tobacco (Streatfield 
2003). At Iowa State University, LTB production using a strain of transgenic maize which 
expresses LTB in its kernel has been investigated (Chikwamba 2002a). Oral administration 
of this LTB-expressing maize (LTB-maize) to mice induced strong mucosal and serum 
antibody responses even under the nanogram-level dosage (Beyer 2007, Chikwamba 2002b, 
Karaman 2006). Therefore, future therapeutic application of this cost-effective plant-made 
subunit vaccine protein is expected. 
 Although there are many potential advantages of PMPs which facilitate the 
development of this emerging technology, many uncertainties also exist about their effects on 
both human and environmental health. Therefore, clear risk assessments are required to 
recognize and mitigate PMP-induced hazards, so that issues of regulatory safety and public 
acceptance are effectively addressed (Kirk 2005a, Peterson 2004, Wolt 2000, Wolt 2007). To 
quantitatively assess the risks associated with the unintended intake of maize-expressed LTB 
through food, Wolt et al. (2006) conducted a comprehensive human health risk assessment, 
and concluded there are minimal concerns because of no observed mammalian toxicity and 
limited exposure potential from confined production of LTB-maize. 
 Unlike human health risks, ecological impacts of maize-expressed LTB and other 
PMPs on the surrounding ecosystem are scarcely understood. Maize-expressed LTB 
produced in open-field environment, such as confined fields, can potentially enter both 
terrestrial and aquatic environment through various routes of entry, and its interactions with 
the surrounding ecosystem are of concern. The conceptual model for the potential ecological 
concerns over the open-field production of LTB-maize is presented in Fig.1. As described in 
the conceptual model, potential concerns of LTB-maize are diverse, ranging from genetic 
level contamination to more direct biological effects on non-target organisms. Although 
contamination through gene flow is a highly important aspect of PMPs confinement to meet 
the zero-tolerance-based regulations for PMPs, this project is dealing only with the risks 
related to the biological effects of LTB recombinant protein within the use environment. 
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Among various environmental routes of exposure, LTB-maize kernel left in the field is 
considered the most important route because it causes the greatest exposure of non-target 
organisms to LTB at the highest concentration. 
 According to the US-EPA Guidelines for Ecological Risk Assessment (EPA 1998), 
the characterization of exposure and effect is required for comprehensive ecological risk 
assessment of stressors. Therefore, quantitative understanding of the environmental fate and 
ecotoxiclogical effect of maize-expressed LTB is necessary to conclude its risks to the 
surrounding ecosystem. In this study, sub-acute effects of maize-expressed LTB on two 
important soil invertebrates, the springtail, Folsomia candida and the earthworm, Eisenia 
fetida were evaluated. Both F. candida and E. fetida are widely used for various soil 
exotoxicological studies as good indicators of soil health, and there are many internationally 
accepted standard toxicological assay protocols (Clark 2006, Fountain 2005). This study is 
expected to provide fundamental soil ecotoxicological profiles of maize-expressed LTB as a 
necessary step in the lower-tier screening evaluation for the ecological risk assessment.  
 Although many PMPs are highly bioactive and their interaction with non-target 
organisms ranging from soil microbes to larger mammals may occur, their ecological effects 
have not as yet been widely studied or reported. In anticipation of commercial scale open-
field PMPs production, the developments of standard methods to evaluate their 
ecotoxicological effect are needed. As a starting point for PMPs ecotoxicological studies, the 
toxicological assay design developed in this study may be applicable to future ecological risk 
assessment of other PMPs and contribute to the development of the standard methods for 
future PMP regulations. 
 
MATERIALS AND METHODS 
Estimation of theoretical field exposure level of maize-expressed LTB 
 Prior to the actual toxicological assays, theoretical field concentrations of maize-
expressed LTB in soil were calculated using published data and conservative values. These 
estimated environmental concentrations provide the appropriate rationale for dosing level in 
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toxicological testing and the subsequent ecological risk assessment. In this study, extreme 
worse-case scenario was used as the basis of estimated environmental concentration 
determinations. 
 
Maize materials 
 Transgenic maize Zea mays expressing E. coli heat-labile enterotoxin subunit B 
(LTB-maize) and a near-isoline, inbred B73, non-transgenic maize (non-GM maize) were 
used in this study. LTB-maize was developed and grown by the Iowa State University Plant 
Transformation Facility (Ames, IA, USA) as described in Chikwamba et al. (2002a). This 
transgenic maize expresses immunogenically active pentameric LTB protein specifically in 
kernels using maize endoplasm-specific γ-zein promoter (Chikwamba 2003). B73, non-GM 
maize was obtained from the Iowa State University Raymond F. Baker Center for Plant 
Breeding (Ames, IA, USA). As test materials, fourth generation LTB-maize cultivated in fall 
2005 and non-GM maize cultivated in fall 2006 were prepared and both naturally-dried. 
Dried maize kernels were stored in the freezer at -20oC until being used by February 2007. 
Table 1 summarizes the nutritional profiles of both maize events. Nutritional analysis was 
conducted by Medallion Laboratories (Minneapolis, MN, USA) using standard methods just 
before starting the assays. For the entire study, finely ground dried maize kernels passed 
through 425-µm mesh openings were used. The use of ground maize kernels simplifies the 
experimental design and better assures the exposures of test organisms to LTB. Additionally, 
the use of ground kernels reduces the risk of negligent spread of non-approved germinatable 
transgenic seeds.  
 
Measurement of LTB expression level in maize 
LTB expression level in maize kernels was determined as described in Chikwamba et 
al. (2002a) with some modifications. Five hundred microliters of maize kernel extraction 
buffer (25 mM Sodium phosphate buffer [pH 6.6], 100 mM NaCl, 1 mM 
ethylenediaminetetraacetic acid [EDTA], 0.1% v/v Triton X-100, 10 µg/ml Leupeptin, 0.25 
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mM Pefabloc SC) was added to 50 mg of  finely ground maize kernels in 2-ml micro-
centrifuge tubes. Ten replications were placed in a chamber at 37oC for 2 hours under gentle 
shaking. After 15 min. centrifugation at 13,000×g, supernatants were transferred to fresh 2-
ml micro-centrifuge tubes, and the amount of LTB in supernatants was quantified by 
ganglioside-dependent ELISA as described below. For ELISA quantification, maize-extract 
samples were diluted with 1% dry milk (Becton Dickinson, Franklin Lakes, NJ, USA) in 
PBS (0.01 M Na HPO , 0.003 M KH PO2 4 2 4, 0.1 M NaCl, pH 6.8~7.0) to fall within the linear 
range of the standard curve. 
 
Enzyme-linked immunosorbent assay (ELISA) 
 LTB in the extract was quantified by ganglioside-dependent enzyme-linked 
immunosorbent assay (ELISA) as described previously (Beyer 2007, Chikwamba 2002a, 
Karaman 2006). A 96-well flat-bottom microplate (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) was coated with 2.5 µg/well of ganglioside GM1 (Thermo Fisher Scientific Inc.) 
dissolved in sodium carbonate containing buffer (15 mM Na2CO , 35 mM NaHCO3 3, 3 mM 
NaN3, pH 9.6) for 1 hour at room temperature. Next, wells were blocked with 150 µl of 5% 
w/v dry milk in PBS for 1 hour at room temperature. The LTB-containing samples were 
spiked directly to each well. At this step, specific binding of pentameric LTB to coated 
ganglioside GM  was occurring. After 1 hour incubation at 37o1 C, LTB was detected by 
incubating with rabbit anti-LTB antibody (diluted 1:10,000 in PBS with 1% w/v milk; 
Immunology Consultants Laboratory, Inc., Newberg, OR, USA) for 1 hour at 37oC. To detect 
bound rabbit anti-LTB antibody, biotin-conjugated goat anti-rabbit IgG (diluted 1:5000 in 
PBS with 1% w/v milk; Sigma-Aldrich Co., Saint Louis, MO, USA) was spiked and 
incubated for 1 hour at 37oC. This second goat antibody was detected by incubating with 
streptavidin-conjugated horse radish peroxidase (diluted 1: 1,000; Thermo Fisher Scientific 
Inc.) for 30 min. at room temperature followed by an incubation with ABTS (3-
ethylbenzthiazoline-6-sulfonic acid; Sigma-Aldrich Co.) substrate buffer (0.1 M citric acid, 
0.55 M ABTS, pH 4.25) for 30 min. at room temperature. Finally, the absorbance of reacted 
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substrate was measured at 405 nm on a THERMOmax microplate reader with quantification 
by SOFTmax software (Molecular Devices Corp., Sunnyvale, CA, USA). Sample volumes of 
50 µl were used throughout the assay unless otherwise specified, and microplate wells were 
washed three times between each step using 300 µl of PBS with 5% v/v Tween-20 (PBST). 
Standard curves were prepared using bacterially produced LTB (purified by Dr. John 
Clements of Tulane University Medical Center, New Orleans, LA, USA) and the linear range 
of the standard curve was 1.25~12 ng LTB/ml. 
 
Test organisms 
 The springtail, F. candida was obtained from the Oklahoma State University, 
Ecotoxicology and Water Quality Laboratory (Stillwater, OK, USA). The test colony 
originated from Dr. Renate Snider of Michigan State University (Lansing, MS, USA) and the 
colony was maintained in our laboratory for five years before testing. Culturing was 
performed on a mixture of hydrated CaSO4 and activated charcoal in 950-ml glass mason jars 
at 23oC, and baker’s yeast was provided as primal diet (Wiles 1998). F. candida is a small (< 
3 mm) parthenogenic arthropod living in humus-rich soil, and it can live up to 111~240 days 
depending on the soil temperature (Fountain 2005). In order to obtain a uniform growth stage 
of test organisms, approximately 30 springtails were placed in a newly prepared culturing 
bottle. After 4 days, adult springtails, which laid eggs on the fresh culturing media, were 
removed from the bottle and the culturing bottle was maintained 40 more days before 
collecting young springtails for the assay. Since eggs on the newly prepared media start 
hatching 7~10 days after being oviposited and offspring can start laying eggs in 21~24 days 
after hatching, it is possible to collect only matured young springtails at 40 days after 
removing the adult springtails (Fountain 2005). Thus, approximately 30-day-old mature 
springtails were used for the toxicological assay. 
 The earthworm, E. fetida was purchased from a local vender and maintained for over 
6 years in our laboratory. Culturing was conducted in 3-liter rectangular containers filled 
with a 50:50 mixture of potting soil and horse manure. Horse manure used in this study was 
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collected from a stable known to be free from medication, such as antibiotic treatments, and 
stored refrigerated at 3oC until used. Earthworm-culturing containers were stored in a growth 
chamber under constant darkness at 23oC, and the soil-manure mixtures were replaced every 
three months to remove wastes and supply new foods. For earthworm toxicological assays, 
juvenile (< 5 weeks after hatching) earthworms were used since they would be more sensitive 
to toxicants compared to mature adult earthworms. In order to obtain a uniform earthworm 
growth stage, approximately 60 cocoons (egg cases) were collected from six different 
containers, and they were placed in a fresh culturing container with no earthworms. Five 
weeks after transferring the cocoons, hatched juvenile earthworms were collected from the 
newly prepared container, and they were used for the toxicological assay. Since E. fetida has 
a long hatch time, similar size (7~20 mg) earthworms were randomly chosen to minimize the 
difference of initial age. 
 
Soil description 
 Agronomic surface soil from a reference maize field at the Iowa State University Ag. 
Engineering/Agronomy Farm (Ames, IA, USA) was used in this study. This field is 
confirmed to be free from pesticide application for more than 30 years. Field-collected soil 
was sieved moist through a 2.83-mm mesh steel sieve and stored at 4oC until used. Test soil 
was classified as a mixture of Webster and Nicollet soil with a sandy loam texture (47% sand, 
36% silt, 17% clay) containing 2.6% organic matter. The soil pH was 6.8, and the moisture 
level was measured as 12.4%. Soil properties were characterized by Midwest Laboratories 
Inc. (Omaha, NE, USA) using standard methods. Prior to the assay, sieved soil was dried in 
an oven at 80oC overnight to reduce soil fauna and re-moistened to 120% of field capacity 
with distilled water. This same soil was also used in environmental fate studies (Chapter 1). 
 
Springtail survival and reproduction study 
 The springtail survival and reproduction study was conducted based on the method 
described in Clark et al. (2006) for the ecotoxicological study of maize-expressed Bt Cry1 
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insecticidal proteins. The assay developed in Clark et al. (2006) was primarily based on the 
ISO (1999) standard method with modifications. In this assay, the 28-day survival and 
reproduction of springtails were chosen as endpoints to evaluate the sub-acute effect of 
maize-expressed LTB, and four different treatments (LTB-maize, non-GM maize, non-GM 
maize with pendimethalin, and no-maize) were prepared with ten replications per treatment. 
For the assay, 25 g of soil was placed in loosely capped 4-cm (diameter) by 7-cm (height) 
glass jars, and 1 g of ground maize kernel (either LTB-maize or non-GM maize) was 
incorporated into each soil. Since F. candida does not directly eat fresh maize kernels and 
feeds primarily on fungul hyphae grown in soil, maize-soil mixtures were aged for 14 days in 
a growth chamber under continuous darkness at 23oC to facilitate decomposition of maize 
kernels before starting the assay (Fountain 2005). As reference controls, ten soil containers 
with non-GM maize were fortified to 2.25 mg of pendimethalin in 100 µl acetone (90 µg 
pendimethalin/g soil) one day before starting the assay. Pendimethalin is a dinitroaniline 
herbicide, and its toxicity to springtail has been well-characterized in previous studies 
(Belden 2005, Clark 2006). In addition to three treatments with maize, a no-maize (soil only) 
treatment was also prepared. At the beginning of the assay, one springtail was randomly 
assigned to each jar and all springtail-containing jars were kept in a room on a 16:8 light-
cycle at 23oC. Distilled water was sprayed every 3 days to keep the soil moisture near 20% 
w/w, by measuring the whole mass. From 3~5 grains of baker’s yeast (< 2 mg) were fed as 
the prime diet and replenished as consumed. After 28 days, all jars were flooded with a 
saturated sucrose solution to float springtails which had been anesthetized by exposure to 
ethyl acetate fumes. Finally, the number of floated springtails was counted using a dissecting 
scope. 
 
Earthworm survival and growth study 
 The earthworm assay was conducted based on Clark et al. (2006) and other standard 
methods with modification (ASTM 2003, EPA 1996, ISO 1993, OECD 2004,). The 28-day 
survival and weight gain of juvenile earthworms were used as endpoints to observe the 
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subacute effects of maize-expressed LTB. For the earthworm assay, a mixture of 15 g soil 
and 10 g horse manure was used as a culturing media and four treatments (LTB-maize, non-
GM maize, non-GM maize with pendimethalin, and no-maize) with ten replications were 
prepared. To observe the effect of maize-expressed LTB, 500 mg of ground maize kernel 
(either LTB-maize or non-GM maize) was mixed into 25 g of soil-manure mixture in glass 
jars (4 cm diameter by 7 cm height). Since earthworm relies more on the decomposed plant 
materials than fresh residues, sample containers were aged for 14 days in a growth chamber 
under continuous darkness at 23oC to facilitate some decomposition before starting the assay 
(Edwards 1996). A day before adding earthworms, 22.5 mg of pendimethalin diluted in 200 
µl acetone was spiked to ten non-GM maize-containing soil-manure mixtures as reference 
controls (900 µg pendimethalin/g soil-manure mixture). Toxicity of pendimethalin to 
earthworm survival and growth was characterized in previous studies (Belden 2005, Clark 
2006). Additionally, ten no-maize (soil-manure mixture only) treated samples were also 
prepared. Prior to placing one randomly selected juvenile (7~20 mg) earthworm into each jar, 
earthworms were cleaned in distilled water, blotted dry by paper towel and weighed to record 
the initial mass. All earthworm-containing jars were placed in a growth chamber under 
continuous darkness at 23oC, and the moisture level was maintained at approximately 30% 
w/w, by measuring the whole mass every 7 days. After 28 days, earthworms were cleaned in 
distilled water and weights were recorded. 
 
LTB protein residue in earthworm 
 Accumulation of maize-expressed LTB in earthworms was measured by 
homogenizing the whole body immediately after recording the 28-day weights. Ten 
replications of LTB-maize treated earthworms were homogenized individually with 1.4 ml of 
extraction buffer (50 mM sodium borate, 0.75 M KCl, 10 mM ascorbic acid, 0.075% v/v 
Tween 20, pH treated to 9.5 by NaOH) in a glass tube using a Teflon homogenizer driven by 
a bench-top drill press. This extraction buffer was originally optimized for the extraction of 
LTB from soil (Chapter 1). After 30 sec. homogenization, the homogenizer head was rinsed 
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with 0.4 ml of extraction buffer, and the homogenate was transferred to a 2-ml micro-
centrifuge tube. The sample-containing micro-centrifuge tubes were shaken for 30 min. at 
200 strokes/min. using a bench-top shaker (Shaker DO-10L; ELMI Ltd., Riga, Latvia). After 
5 min. of centrifugation at 1,500×g, supernatants were transferred to fresh 2-ml micro-
centrifuge tubes, and LTB residues in the extracts were quantified by ELISA. In addition to 
earthworms treated with LTB-maize, non-GM maize treated earthworms (negative control) 
and two different reference controls were each analyzed in three replications. As reference 
controls, either 100 ng or 500 ng of bacterially produced LTB diluted in 4 µl of purified 
water were injected to non-GM maize treated earthworms. After 30 min. aging at room 
temperature, earthworms injected with bacterial LTB were homogenized as already described 
and the recoveries of injected bacterial LTB were determined by ELISA. These reference 
controls show the reliability of the extraction method to determine the LTB residue in 
earthworms. A standard curve for ELISA quantification was prepared using a bacterially 
produced LTB diluted in extraction buffer. 
 
Statistical analysis 
 Statistical analysis was conducted by comparing the sample values to the negative 
control (non-GM maize) using Dunnett’s ANOVA test. For the statistical comparison, 
individuals in each treatment that did not survive were excluded. All statistical analysis was 
conducted by JMP ver. 6.0 (SAS Institute, Cary, NC, USA). 
 
RESULTS AND DISCUSSION 
LTB expression level and estimated field exposure concentration 
 The expression level of LTB in transgenic maize kernels was measured as 30.17 µg 
LTB/g kernel and no LTB was detected from non-GM maize kernels (Table 1). Based on this 
LTB expression level, the theoretical field exposure concentration of maize-expressed LTB 
was estimated at 232 ng LTB/g soil (7.69 mg kernel/g soil) as described in Table 2. This dose 
represents an extreme worst-case scenario with following assumptions: (1) all maize kernels 
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grown in the field are mixed into 7.5-cm depth of soil; (2) maize-expressed LTB distributes 
uniformly into the soil; (3) LTB is expressed only in kernels; and (4) LTB is expressed 
uniformly in kernels at the level of 30.17 µg LTB/g kernel under 100% frequency of 
expression. Therefore, with fully conforming harvest practices, environmental exposure of 
LTB-maize through unconfined harvest loss would be as much as 2,684-fold lower than this 
value under worst-case scenario (Wolt 2004).  
 
Springtail survival and reproduction study 
Over 80% of springtails survived in LTB-maize, non-GM maize, and no-maize 
treatments (Fig.2). As presented in Fig.3, the 28-day average numbers of springtails in LTB-
maize and non-GM maize treated samples were both 40 (p = 1.0, Dunnett’s adjustment). In 
addition, no significant difference was observed between the non-GM maize and the no-
maize treatment (p = 0.92, Dunnett’s adjustment). The fact that even newly hatched springtail 
offspring, which would be the most sensitive stage to stressors, could survive without any 
observed problems indicates that there were minimal effects of maize-expressed LTB on 
springtail survival and reproduction. Since this was not a multi-generational life cycle assay, 
it is not possible to conclude the long term-effect of LTB on springtail multi-generational 
reproduction. Pendimethalin treatment worked effectively as a reference control which 
suppresses the springtail survival and reproduction. The 28-day average survival of 
springtails was 30% in pendimethalin treated soils, and no reproduction of survived 
springtails was observed. This significant reduction in reference control proves the sensitivity 
of this assay to demonstrate the effect of LTB-maize on springtails. 
Since this is the first documented study to assess the effect of LTB on the soil 
ecosystem, no comparable data of LTB toxicity to the springtail is available. As a closely 
designed GM-maize ecotoxicological assay, Clark et al. (2006) evaluated the effect of maize-
expressed Bt Cry1Ab insecticidal protein on the same colony of springtails using the similar 
experimental design. In their study, they concluded that there was no significant effect of 
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maize-expressed Bt protein on springtail survival and reproduction, same as observed in this 
study for LTB. 
 
Earthworm survival and growth study 
 After 28 days incubation, no death of earthworm was observed in either the LTB-
maize or the non-GM maize-treated samples, and only one earthworm died in the no-maize 
treatment (Fig.4). These results indicate no acute toxicity of maize-expressed LTB on 
earthworms. The 28-day average change in biomass demonstrated no significant difference 
between the LTB-maize-treated and the non-GM maize-treated earthworms (Fig.5; p = 0.29, 
Dunnett’s adjustment). The average change in earthworm biomass between in the non-GM 
maize treatment and in the no-maize treatment also did not show significant difference (p = 
0.52, Dunnett’s adjustment). However, the average change in biomass in the no-maize 
treatment was significantly smaller than in the LTB-maize treatment (p = 0.02, Dunnett’s 
adjustment setting the no-maize treatment as the comparable control). Since no significant 
inhibition of the average growth of the most sensitive juvenile stage earthworms was 
observed, it is concluded that there may be no adverse effect of maize-expressed LTB on the 
survival and growth of earthworms.  
 Survival of earthworms with pendimethalin treatment (reference control) was 50%, 
and the average change in biomass of survived pendimethalin treated earthworms was 
significantly smaller than non-GM maize treated earthworms (p = 0.05, Dunnett’s 
adjustment). This negative effect of pendimethalin adjunction showed the effectiveness of 
this assay to demonstrate the sub-acute effect of LTB-maize on earthworms.  
 As with the springtail assay, no previous data of LTB effects on earthworm survival 
and growth is available. In a related study on the GM-maize ecotoxicity, Clark et al. (2006) 
assessed the effects of maize-expressed Bt Cry1Ab protein using the similar experimental 
design as described here. In their study, they concluded that there was no direct hazard from 
different strains of Bt-maize leaf material to earthworm survival and growth same as the 
result of this LTB-maize assay. 
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LTB residue in earthworm 
 No LTB residue was detected from the homogenates of earthworms cultured either in 
LTB-maize or non-GM maize containing matrices. Since digestive systems of earthworm 
would contain various enzymes, such as proteases, it is expected that pentameric LTB 
ingested by earthworms would be cleaved or digested to undetectable forms instead of 
accumulating. This result also implies that maize-expressed LTB is not accumulatable 
through the food web. Reference controls injected with 100 ng and 500 ng of bacterial LTB 
showed 66.2 (± 32.6)% and 55.9 (± 26.7)% recovery of injected LTB, respectively. This LTB 
residue in reference control indicates capability to extract and quantify LTB in earthworms 
by the method used in this study. 
   
Ecological risk analysis based on the estimated field exposure concentration 
The ecotoxicological risk of maize-expressed LTB can be characterized as a function 
of exposure and toxicity (EPA 1998). With regard to exposure, the environmental 
concentration of maize-expressed LTB was estimated to be 232 ng LTB (7.69 mg kernel)/g 
soil. Since this estimation is based on the extreme worst-case scenario, this value can be 
recognized as the maximum field exposure concentration. In comparison with this estimated 
environmental exposure concentration  (7.69 mg kernel/g soil), the amount of LTB-maize 
kernel used in the springtail assay (40 mg kernel/g soil) was 5.2-fold larger, and the amount 
used for the earthworm assay (20 mg kernel/g soil) was 2.6-fold larger than the estimated 
exposure concentration. Since the doses used in assays were 2.6 or 5.2-fold larger than the 
maximum estimated concentration, it is considered that the initially applied LTB-maize 
concentration represents a conservative estimate of field level LTB. 
For the purpose of exposure characterization, it is also important to know the 
persistence and fate of maize-expressed LTB, since proteins in soil are degraded by various 
factors, and this dissipation rate will be of consequence to the environmental dose to which 
non-target organisms are exposed. In this study, test organisms were added to sample 
containers after 2 weeks of aging to facilitate decompositions of maize kernels and represent 
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more realistic interaction with soil decomposers. Therefore, the actual amount of LTB 
existing in soil which test organisms are exposed is predicted to be smaller than the initially 
applied value. In regard to the persistence of maize-expressed LTB, the DT50 (time for 50% 
dissipation) for extractable phase of maize-expressed LTB in the same soil used in this assay 
(the Webster-Nicollet soil) was estimated to be 35~69 days depending on soil incubation 
temperature (Chapter 1). Since the incubation conditions (i.e., amount of soil, moisture 
contents, addition of manure) were different from the environmental fate studies conducted 
in Chapter 1, this DT50 cannot simply be applied to this ecotoxicological assay. However, it 
is predicted that a substantial amount of maize-expressed LTB still might have existed when 
test organisms were applied. 
Since no standard ecotoxicological risk assessment protocol for PMPs is established, 
the necessary duration of a chronic assay for ecological risk assessment needs be judged on a 
case-by-case basis. In the case of LTB-maize, the 28-day assay is intended to provide a good 
comprehensive insight of possible ecotoxicological risks of LTB for the following reasons: 
(1) no apparent negative effect was observed in the 28-day assay, (2) maize confinement and 
harvest conditions limit the environmental exposure potential; (3) DT50 for maize-expressed 
LTB in soil was 1~2 month; and (4) LTB did not accumulate in earthworm. These 
observations may minimize the need for the longer-term chronic assay to assess the 
comprehensive risk of LTB on F. candida and E. fetida.  
As a result of the risk analysis, no evidence of LTB-maize-induced adverse effects on 
F. candida and E. fetida were observed. Therefore, direct toxicological effects of maize-
expressed LTB on those species are expected to be negligible. Although no standard 
ecotoxicological assay protocol has been established for PMPs, the experimental method 
developed in this study is expected to be applicable for the lower-tier screening level assay of 
PMPs in a soil ecosystem.  
 
Future LTB ecotoxicological study directions 
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 Although the ecotoxicological effects of maize-expressed LTB was observed for two 
typical soil test organisms, its effects on numerous other organisms are unclear. For the 
ecological risk assessment, the selection of test organisms and assessment endpoints which 
adequately represent ecological risk, is the important part of problem formulation (EPA 
1998). Although F. candida and E. fetida were selected as indicators of soil health for their 
wide adaptation to various soil ecotoxicological studies and ease of culturing, many other 
alternative test species are considered. F. candida or E. fetida are not maize-field oriented 
species, and maize is not a prime diet for them (Edwards 1996, Fountain 2005). The use of 
maize-field oriented invertebrates which directly consume maize kernels may be more 
appropriate, since they may be exposed to much higher concentration of maize-expressed 
LTB when they eat maize kernels. Since LTB-maize is strongly immunogenic to mammals, 
the potential toxicological and immunogenic effect of LTB-maize to wildlife, such as various 
rodents, should be also characterized. The soil ecosystem consists of numerous numbers of 
species from protoctista to larger mammals. Toxicity data of two invertebrates may be 
insufficient for the comprehensive ecological risk assessment, and more toxicological data of 
various species from the individual to the population levels may be necessary before starting 
the large-scale production LTB and other PMPs. 
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Table 2. Estimated field exposure level of maize-expressed LTB in soil 
   Value Unit Reference 
Number of ears per ha EpH 69,000  ears/ha USDA 2005 
Number of kernel per ear KpE 400  kernels/ear Wolt 2004 
Weight of kernel WK 278  mg Wolt 2004 
LTB expression frequency - 1  fraction Conservative value 
Kernel fallen frequency - 1  fraction Conservative value 
Conc. of LTB in kernel CK 30.17  µg/g Measured value 
Bulk density of soil BD 1.33 g/cm3 White 1987 
Depth of soil DS 7.5 cm Conservative value 
Weight of soil per ha WSpH 997,500  kg/ha BD * DS * 105
Weight of kernel per ha WKpH 7,673 kg/ha EpH * KpE * WK * 10-6
Weight of kernel per g soil WKpS 7.69  mg/g WKpH / WSpH * 103
Weight of LTB per g soil WLpS 232  ng/g CK * WKpS 
Table 1. Proximate analysis and LTB expression levels of maize kernels 
Carbo 
hydrate 
(%) 
  Protein 
a b c   
(%) 
Fat     
(%) 
Sugar   
(%) 
Ash      
(%) 
Moisture  LTB          
(µg /g kernel) (%) d
LTB-maize 11.7 6.28 1.43 1.52 71.3 9.21 30.17 (± 3.01) 
Non-GM 
maize 9.64 5.04 1.38 1.27 73.8 10.2 0 
a Protein: Dumas method 
b Fat: Acid hydrolysis method 
c Sugar: HPLC 
d Carbohydrate: Subtract the added percentages of protein, moisture, fat and ash from 100% 
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 Fig.1. Conceptual model for the potential environmental concerns of LTB-maize 
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 Fig.2. Survival of F. candida after 28 days rearing on LTB-maize or three  controls 
 (n = 10) 
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 Fig.3. Average number of F. candida produced by survived individuals after 28 days 
 rearing on LTB-maize or three controls. * Treatment statistically differs from non-
 GM maize control (p < 0.005, Dunnett’s adjustment) 
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 Fig.4. Survival of E. fetida after 28 days rearing on LTB-maize or three controls  
 (n = 10) 
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 Fig.5. Average percentage change in mass for E. fetida survived after 28 days rearing 
 on LTB-maize or three controls. * Treatment statistically differs from non-GM maize 
 control (p = 0.05, Dunnett’s adjustment) 
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GENERAL CONCLUSION 
 Based on the exposure and toxicological profiles of maize-expressed LTB determined 
in Chapter 1 and 2, the ecological risk of maize-expressed LTB on soil ecosystem was 
quantitatively evaluated as a conclusion of this study. As described in the comprehensive 
introduction section, ecological risk assessment (ERA) consists of problem formulation, risk 
analysis and risk characterization phases (EPA 1998). In Chapter 1 and 2, exposure and 
effect characterizations were conducted based on the problem formulation presented in the 
introduction. Such characterization of exposure and effect is the main purpose of risk 
analysis phase of ERA.  
 In regard to the exposure characterization, environmental concentration of maize-
expressed LTB was estimated as 232 ng LTB/g soil (7.69 mg kernel/g soil) under extreme 
worst case scenario. With fully conforming harvest practices, environmental exposure of 
LTB-maize through unconfined harvest loss would be as much as 2,684-fold lower than this 
value (Wolt 2004). The persistence of maize-expressed LTB in soil and water was 
specifically studied in Chapter 1, since persistence will dictate the frequency and quantity of 
environmental exposure. The observed persistence of the extractable phase of maize-
expressed LTB in soil varied widely depending on soil types and exposure conditions. The 
dissipation of bacterially-produced LTB, or its close analogue, CTB, in soil or water was 
rapid with the majority of detectable protein lost after 4 days in most cases. Maize-expressed 
LTB was more persistent, especially in soil, and showed a pronounced lag phase after which 
dissipation was relatively rapid. The observed DT50 (time for dissipation of 50 % of the 
detectable protein) of maize-expressed LTB was 35 ~ 95 days depending on soil types and 
conditions. 
 Characterization of ecological effects was accomplished through the 28-day sub-acute 
toxicological assays for two test organisms. The springtail 28-day reproduction assay did not 
show either acutely toxic or reproduction inhibitory effects from maize-expressed LTB. The 
earthworm 28-day growth assay also did not show any acutely toxic or growth inhibitory 
 
 84
effects from maize-expressed LTB and there was no evidence for LTB accumulation in 
earthworm.  
 Risk characterization is the final phase of ERA to make a conclusion which provides 
clear information to risk managers for environmental decision making. Through the risk 
estimation process, exposure and biological effect profiles acquired in risk analysis are 
integrated, and any associated uncertainties are evaluated to conclude risk descriptions. As 
characterized in the risk analysis, no adverse effect of maize-expressed LTB on springtails 
and earthworms was observed after the 28-day sub-acute assays. Since initial doses used for 
these assays (springtail assay: 40 mg kernel/g soil; earthworm assay: 20 mg kernel /g soil) 
were 2.6 ~ 5.2-fold larger than the estimated environmental exposure concentration under the 
worst-case scenario, it can be concluded that no acutely toxic effect of maize-expressed LTB 
are likely under a realistic field exposure concentration. The necessity of longer term assays 
or life-cycle tests have to be judged on a case-by-case basis, since no standard risk 
assessment protocol for plant-made pharmaceuticals (PMPs) exists. In the case of maize-
expressed LTB, the 28-day assay is considered to provide conservative observations to 
represent ecological risk for following reasons: (1) no apparent toxic effect was observed; (2) 
maize confinement and harvest conditions limit the environmental exposure potential; (3) 
DT50 for maize-expressed LTB in soil is < 90 days; and (4) LTB did not accumulate in 
earthworm. For above reasons, it is presumed that the necessity for a longer term assay for 
maize-expressed LTB is minimal. As a comprehensive description of the risks caused by the 
open-field production of LTB-maize, it can be concluded that the ecological risks of maize-
expressed LTB on two soil model organisms is negligible due to its low exposure potential 
and no observed adverse effects. 
 As concluded in the risk characterization, no adverse effect of maize-expressed LTB 
on springtail and earthworm was observed, and this observation may provide beneficial 
information for risk managers to enact future regulations of transgenic plants-based LTB 
production. Additionally, this study demonstrates how the US-EPA ecological risk 
assessment guidance effectively applies to the ERA for PMPs as a means for the clear 
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environmental risk decision-making. However, since the ecosystem surrounding LTB-maize 
is highly diverse and numerous factors (i.e., temperature, weather, human activities) affect 
the persistence and bioavailability of pollutants, more studies on exposure and ecological 
effect profiles of maize-expressed LTB may be required to conduct a comprehensive ERA of 
open-field LTB production. In regard to the exposure characterization, the extraction and 
quantification of maize-expressed LTB in soil still has many difficulties, such as low 
extraction efficiency from clay-rich soil. Since accurate measurement of the environmental 
concentration of a target stressor is critical to comprehensive ERA, improvement of the 
extraction and quantification method is needed. Various biologically active PMPs are 
actively being developed (Ma 2003). The establishment of standard ecotoxicological assay 
protocols is encouraged to evaluate potential ecological risks of PMPs under uniform 
standards. The environmental fate and soil ecotoxicological study methods developed here 
for LTB-maize may provide some information for design of ERA for various PMPs. 
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